
Infectious Disease Modelling 9 (2024) 214e223
Contents lists available at ScienceDirect
Infectious Disease Modelling

journal homepage: www.keaipubl ishing.com/idm
The need for pre-emptive control strategies for mpox in Asia
and Oceania

Gregory Gan a, A. Janhavi a, Guan Tong a, Jue Tao Lim b, **, Borame L. Dickens a, *

a Saw Swee Hock School of Public Health, National University of Singapore, Singapore
b Lee Kong Chian School of Medicine, Nanyang Technological University, Singapore
a r t i c l e i n f o

Article history:
Received 23 August 2023
Received in revised form 19 December 2023
Accepted 19 December 2023
Available online 28 December 2023
Handling Editor: Dr Daihai He

Keywords:
Monkeypox virus
Modelling
Network model
Mpox
Contact matrix
Sexual contact
* Corresponding author.
** Corresponding author.

E-mail addresses: juetao.lim@ntu.edu.sg (J.T. Lim
Peer review under responsibility of KeAi Comm

https://doi.org/10.1016/j.idm.2023.12.005
2468-0427/© 2024 The Authors. Publishing services
BY-NC-ND license (http://creativecommons.org/licen
a b s t r a c t

Introduction: The transmission dynamics of the recent mpox outbreak highlights the lack
of infrastructure available to rapidly respond to novel STI outbreaks, of which Asia and
Oceania remains particularly susceptible. Here, we simulate outbreaks in this setting and
propose the use of pre-emptive vaccination within the menwho have sex with men (MSM)
community before the arrival and establishment of the virus.
Materials and methods: Using data driven heterogeneous sexual contact networks, we
simulated outbreaks of mpox in Singapore, Hong Kong, and Sydney. An individual based
SEIR compartmental model was used to simulate epidemic trajectories and the impact of
different vaccination uptakes was assessed in their ability to avert or suppress outbreaks
upon the arrival of mpox within the MSM populations.
Results: The highly dense sexual networks of Singapore and Sydney experience rapid
outbreaks, with infection peaks occurring at day 41 and 23 respectively, compared to Hong
Kong which occurs at day 77. Across the simulations with no vaccination, 68.2%e89.7% of
the MSM community will become infected with mpox across the different cities, over a
simulation period of 1 year. By implementing vaccination strategies, the infection rate
across the cities can be reduced to as low as 3.1% of the population (range: 3.1%e82.2%)
depending on the implementation and uptake of the vaccine. Vaccination is also extremely
effective in slowing the start of the epidemic, delaying the epidemic peak by 36e50 days in
Hong Kong, or even preventing the outbreak of mpox.
Discussion: With extremely dense and well-connected sexual contact networks, where
65.2%e83.2% of the population are connected to a super-spreader in the different contact
networks, pre-emptive or immediate vaccination upon identification of the first case is
strongly recommended to help better manage the outbreak of mpox and prevent potential
straining of healthcare systems.
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1. Introduction

Monkeypox (mpox) is a zoonotic orthopoxvirus endemic to Central and Western Africa that is clinically indistinguishable
from other poxlike viruses and gaining global public health importance due to an increasing number of outbreaks being
recorded in non-endemic regions (World Health Organizationa). Historically, two known distinct clades of mpox exist: Clade
I, and Clade IIa, both primarily zoonoses with mortality rates of up to 10% and less than 1% respectively (Americo et al., 2023).
In 2003, Clade IIa cases were reported outside Africa across 6 US states, primarily associated with contact events around
infected prairie dogs who themselves had been infected by imported small mammals from Ghana (Reed et al., 2004), leading
to the banning of the importation of African Rodents into the US (Di Giulio & Eckburg, 2004). Following this outbreak,
sporadic cases were rare but have been reported over the years, in the US (CDC, 2022a), Israel (Erez et al., 2019), Singapore (Ng
et al., 2019) and the UK (Vaughan et al., 2018). There was a significant change in the transmission dynamics for the recent
outbreak, with the detection of a newmpox Clade IIb in London on 6 May 2022, which exhibited extensive human-to-human
spreading capability (Fink et al., 2022). Unlike the prior outbreaks of mpox and of particular concern is that many of the cases
in the recent outbreak have no travel-related link to an endemic country (Monkeypox).

Close contact with infected individuals has been identified as the most significant risk factor in the recent mpox outbreak
through direct contact with rashes or bodily fluids from an infected individual, or indirect contact through bodily secretions
left on objects (Peir'o-Mestres et al., 2022). By March 2023, over 86 000 mpox cases had been reported in over 113 countries,
many of which were men who have sex with men (MSM)(Guarner et al., 2022). Although self-limiting and largely mild with
estimates of ~1% cases presenting asymptomatic illness (De Baetselier et al., 2022), 119 deaths have been reported to date
(World Health Organizationb). With the availability of two smallpox vaccines JYNNEOS and ACAM2000 (CDC, 2022b) which
demonstrate ~85% effectiveness against mpox, it is likely a substantial proportion of these deaths could have been avoided.

While the initial wave of the epidemic has subsided, there has been a recent resurgence of 55 cases in Japan inMarch 2023
(Nishiura et al., 2022). Previous sporadic cases in Japan were from individuals who travel, or were in contact with travellers,
but the recent resurgence shows signs of sustained local transmission. The exponentially increasing epidemic in Japan (Endo
et al., 2023) demonstrates the imperative need for the better understanding of mpox outbreaks in susceptible cities and
implementation of control measures, especially within Asia and Oceania with their large susceptible populations that were
the least affected regions by the initial wave. With the potential introduction of new clades or variants, many of these cities
will therefore be at substantial risk of receiving infected travellers with outbreaks occurring within the region and should
therefore have strategies in place to effectively respond and curb infection sizes.

To support policymaking, this study thus aims to simulate the trajectories of MSM mpox outbreaks and effectiveness of
vaccination control strategies for three cities in the two continents where sexual contact studies or data has been made
available: Singapore, Hong Kong, China and Sydney, Australia. The MSM communities within these three cities have reported
different community sizes, and sexual behaviours in terms of partner distributions and frequency of sex with their partners,
that may be biased due to cultural or social aspects, which may lead to underestimation of the data (Singapore, 2020; C&SD,
2021; Greater Sydney, 2021; Chapin-Bardales et al., 2019; Wong & Tang, 2004; Hui et al., 2015; Wall et al., 2013; Crawford
et al., 2006; Wong et al., 2012; The Kirby Institute, 2013; Rich et al., 2018). We created sexual contact networks and micro-
simulations of outbreaks post case introduction based on the aforementioned factors and estimate the efficacy of different
vaccination strategies according to vaccine uptake. By providing estimations on the change in outbreak size and outbreak
duration from the deployment of vaccines for the MSM community, we aim to assist in policymaking for outbreak pre-
paredness with the introduction of mpox from travellers into susceptible populations.

2. Material and methods

Data and parameters onmpox have been collected from available literature to construct themodels (Table 1) for Singapore
(a; Chapin-Bardales et al., 2019;Wall et al., 2013;Wong et al., 2012), Hong Kong, China (hereby referred to as Hong Kong), and
Sydney, Australia (hereby referred to as Sydney) (b; Greater Sydney, 2021; Wong & Tang, 2004; Hui et al., 2015; Crawford
et al., 2006; The Kirby Institute, 2013). We simulate transmission in each city through the construction of sexual contact
networks within Susceptible-Exposed-Infectious-Recovered (SEIR) individual based models where disease spread can be
moderated by vaccination strategies. The model tracks the sexual activity of each individual as well as their infection status
over time.

A schematic of the SEIR model and how it works can be seen in Fig. 1 below.
To construct the contact network, individuals are assumed to be partaking in intimate sexual contact such as oral sex or

anal sexwith their respective partners where the direct contact with infectious sores or lesions onmucousmembranes acts as
the primary mode of transmission (Peir'o-Mestres et al., 2022). We assumed that non-sexually associated contact did not
result in transmission. We fitted a gamma distribution to the estimates of the number of partners (to account for the heavy-
tailed nature of sexual contact networks), and a log-normal distribution to the amount of sex individuals have with their last
partner, except for Sydney, where a normal distribution was used. These distributions were developed to fit to the mean
number of partners andmean frequency of sexwith last partner over a period of time obtained from literature, while ensuring
that the distribution shape stay consistent with prior research findings. More information on how the distributions were
determined can be found in the Supplementary Information. For the size of the networks in each city, the number of MSM
were estimated to be 3% of the working population of men in the city (Rich et al., 2018). Further details on the generation of
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Table 1
Parameters used within the model.

Model Parameters Value Source

mpox Incubation Perioda 8.75 ± 1.09 days Rich et al. (2018)
Mpox Recovery Periodb 17.5 ± 1.05 days Rich et al. (2018)
MSM Population
Singapore 35 767 Singapore (2020)
Hong Kong 50 383 C&SD (2021)
Sydney 37 943 Greater Sydney (2021)

Mean number of partners (Yearly)c

Singapore 8 (95% CI: 7.0e8.5) Chapin-Bardales et al. (2019)
Hong Kong 3 Wong and Tang (2004)
Sydney 30 (Range: 1e60) Hui et al. (2015)

Reconstructed median number of partners (Yearly)c

Singapore 5 e

Hong Kong 3 e

Sydney 19 e

Mean frequency of sex with partner (Monthly)c

Singapore 6.72 Wall et al. (2013)
Hong Kong 6.92 Wong and Tang (2004)
Sydney 8.00 (Range: 6.40e9.60) Crawford et al. (2006)

Condom Usage with Partner
Singapore 15.7% Wong et al. (2012)
Hong Kong 39.0% Wong and Tang (2004)
Sydney 37.0% The Kirby Institute (2013)

a Refers to length of time between infection and experiencing of symptoms.
b Refers to length of time for infected individual to fully recover.
c Refer to Supplementary Information for detailed derivation of number of partners and frequency of sex with partner.

Fig. 1. Schematic of the transmission model with 2 connected individuals, 1 infected and 1 susceptible. The circles represent specific state of the individual,
susceptible S, exposed E, infected I and recovered R. The red dotted line represents the connection an individual has with an infected individual. The blue line
represents the transition probability of an individual per day,

P
b, after accounting for every sexual encounter he has, which would be the sum of all red lines.

Black lines represent the transition from an exposed state to an infectious state after a days and from an infectious state to a recovered state where they cannot
infect others after g days.
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the distribution for both number of partners, and number of times each individual has sex with their partner can be found in
the Supplementary Information. Using these data, we created a simulated MSM population of the three cities, which
randomly paired sexually active individuals together based on the distribution of the number of partners.

These individuals were then taken to have a chance of having sexwith their respective partner daily, generating the unique
transmissibility of mpox per day between two individuals as

bij ¼
Xij

30
� p � ð1� ðCE � CUÞÞ (1)

where bij is the transmissibility of mpox per day for individual i after having sex with individual j, Xij the random draw of
number of sex events occurring over the last month between the partner-pair of individual i and individual j, p the chance of
getting mpox after a sex event between individuals (taken to be 1 if the sex event is with an infectious individual, or 0 if sex
event is with a non-infectious individual), CE the effectiveness of condom in preventing spread of mpox, and CU the prob-
ability of using of condoms when having sexual encounters in the country. If there is sexual activity between individuals
where nobody is infectious, then the transition probability is bij ¼ bji ¼ 0.
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The model then determines if the individual acquires mpox by checking across all sexual encounters the individual has for
that time step. If an individual acquires mpox, they will move into the exposed state in the next time step. An update of
individual SEIR states is conducted at every time step. For Singapore, we assumed that sexual behaviours largely follow
findings from USA based on local expertise (unpublished data).

Within the SEIR, we utilised epidemiological data of mpox from literature (Moore et al., 2023). Representing a significant
importation event (Koh et al., 2022), we seeded 5 infected individuals and 5 exposed individuals. Individuals engage in sexual
activity where multiple individuals may engage in sexual activity together. Due to the large proportion of people in each city
with 1 partner, a sizeable amount of exposed and infected individuals is required to ensure that spread occurs. If the exposed
and infected individuals chosen only have 1 partner, or are in a closed network among fewmembers, the spread of mpox will
be contained. We have conducted additional simulations with 1 exposed and 1 infected individual, and 3 exposed and 3
infected individuals, and the results of these simulations can be found in the Supplementary Information. We also assumed
that condoms were 80% effective at reducing the transmission (Weller et al., 1996), seasonality in sexual behaviour did not
exist and the virus only spread between individuals after the incubation period has passed where exposed individuals cannot
infect others until the virus has fully incubated and lesions appear. As the current outbreak of mpox has a very low case
fatality rate of 0.08% (Multi-Country Outbreak of mpox), we assumed no fatalities occurred and that individuals would not be
reinfected within our simulation.

No vaccinationwas assumed for baseline estimations with outbreak sizes compared to intervention strategies. To estimate
the efficacy of early adoption of vaccines, we simulated the introduction of a vaccination program, prior to the start of the
epidemic, at 3 different vaccine uptakes: (1) 25%, (2) 50%, and (3) 80%, representing low, medium and high uptake depending
on the level of community engagement or policies. Using the JYNNEOS vaccine, which has an 85% efficacy (CDC, 2022b), a
proportion of susceptible individuals are transferred to the recovered compartment. To account for recent studies on different
vaccine effectiveness, the simulations were repeated for a more conservative vaccine effectiveness of 66.0% (Deputy et al.,
2023), and the results can be found in the supplementary information.

As there is uncertainty in the epidemiological parameters and MSM contact parameters (Table 1), we used a Monte Carlo
approach for 1000 simulations of each scenario for 1 year. We report their medians, together with their 95% uncertainty
intervals (UI) representing the 5th and 95th percentiles of the simulations. The effective reproduction number at the start of
the epidemic was also calculated for each city, and can be found in the Supplementary Information.
3. Results

Simulation results on the spread of mpox are presented for Singapore, Hong Kong, and Sydney (Table 2, Figs. 2e4) with
differing levels of vaccination uptakes for mass vaccination. With no vaccination, a total of 24 393 (95% UI: 24 119e24 634)
infections were estimated for Singapore, 39 415 (95% UI: 37 487e39 976) for Hong Kong and 34 030 (95% UI: 33 907e34 150)
for Sydney. This resulted in a total of 68.2% (67.4%e68.9%), 78.2% (74.9%e79.3%) and 89.7% (89.4%e90.0%) of the respective
MSM community becoming infected with lengths of the epidemic waves being 156 days, 232 days and 146 days. Daily
infection peaks occurred at day 41 with 1030 cases, day 77 with 1015 cases, and day 23 with 4925 cases respectively.

With vaccination, total mpox case numbers can be lowered by 22.3%e96.1%, as a function of vaccine uptake and the sexual
behaviour of the population. Vaccine uptake of 80% will suppress the epidemic wave substantially by 77.8% in Singapore, and
71.4% in Sydney, and can be suppressed altogether in Hong Kong due to the lower mean number of partners; 3 for Hong Kong
versus 8 for Singapore and 30 for Sydney. For Singapore, at 25% and 50% vaccination uptake, a peak of 720 cases (30.1%
reduction) at day 44 and 509 cases (50.6% reduction) at day 43 was observed. The equivalent for Hong Kong was a peak of 545
cases (46.3% reduction) at day 116 and 286 cases (71.8% reduction) at day 127. For Sydney, we observed peaks of 2086 cases
Table 2
Simulation results for Mass Vaccination over 1 year.

Simulation Total Vaccinated (median, 95%UI) Total Cases (median, 95%UI) % Infected

Baseline
Singapore e 24 393 (24 119e24 634) 68.2%
Hong Kong e 39 415 (37 487e39 976) 78.2%
Sydney e 34 030 (33 907e34 150) 89.7%

25% Vaccine Uptake
Singapore 7368 (7217e7523) 18 300 (17 994e18 545) 51.2%
Hong Kong 12 208 (12 008e12 408) 27 819 (25 941e28 544) 55.2%
Sydney 8948 (8793e9125) 26 443 (26 251e26 635) 69.7%

50% Vaccine Uptake
Singapore 14 736 (14 560e14 936) 12 247 (11 954e12 509) 34.2%
Hong Kong 24 429 (24 207e24 653) 15 967 (14 209e16 758) 31.7%
Sydney 17 905 (17 702e18 092) 18 819 (18 617e19 026) 49.6%

80% Vaccine Uptake
Singapore 23 585 (23 397e23 771) 5404 (5172e5616) 15.1%
Hong Kong 39 090 (38 883e39 289) 1545 (15e3159) 3.1%
Sydney 28 647 (28 480e28 816) 9738 (9540e9938) 25.7%
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Fig. 2. Row 1) Simulations of the epidemic curve of mpox in Singapore across the different vaccination uptakes over the period of 6 months, under the Mass
Vaccination approach. Every simulation is plotted in grey, and the red line represents the median simulation run. The blue line is the median simulation run of the
baseline scenario, with no vaccination. Row 2) Simulations of the Daily Infections of mpox in Singapore across the different vaccination uptakes over the period of
6 months, under the Mass Vaccination approach.
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(57.6% reduction) occurring at day 28 and 1370 cases (72.1% reduction) at day 39 respectively. At the 3 locales, vaccination at
25e50% uptake delayed the outbreak by 2e3 days, 39e50 days and 5e16 days. Overall, the cumulative infections peaked at
around 13 730 cases after 46 days, 9701 cases after 54 days, 6428 cases after 57 days, and 2117 cases after 60 days for
Singapore, 15 757 cases after 88 days, 8085 cases after 126 days, 3876 cases after 140 days, and 105 cases after 329 days for
Hong Kong, 25 365 cases after 34 days, 21198 cases after 42 days, 13 408 cases after 46 days, and 5573 cases after 45 days for
Sydney, at 0%, 25%, 50%, and 80% vaccine uptake respectively.

While vaccination can suppress epidemic waves by an average of 25.5%, 51.3% and 82.0% at 25%, 50% and 80% uptake,
substantial vaccine stockpiling is necessitated. At 25% uptake 7368 (7217e7523), 12 208 (12 008e12 408) and 8948
(8793e9125) vaccines are needed for Singapore, Hong Kong, and Sydney. At 50% uptake, this increases to 14 736
(14 560e14 936), 24 429 (24 207e24 653) and 17 905 (17 702e18 092); At the highest uptake of 80%, 23 585 (23 397e23 771),
39 090 (38 883e39 289) and 28 647 (28 480e28 816) is required. By targeting high-risk individuals as a vaccination strategy,
vaccine stockpiling requirements can be reduced by 64.9%, 64.8% and 63.4% for Singapore, Hong Kong and Sydney; 2586
(2495e2681), 4300 (4185e4416) and 3280 (3173e3391) at 25% uptake, 5173 (5037e5304), 8595 (8437e8767) and 6561
(6420e6710) at 50% uptake, and 8274 (8122e8423), 13 758 (13 563e13 952) and 10 495 (10 314e10 663) at 80% uptake.

Simulation results of the spread of mpox are presented for Sydney, Hong Kong, and Singapore (Table 3, Supplementary
Figs. 1e3) with differing levels of vaccination uptakes for high-risk vaccination. With the high-risk vaccination strategy,
total mpox case numbers can be lowered by 8.4%e66.9%. At 25% vaccination uptake, peaks of 835 daily cases (18.9% reduction)
at day 52, 606 daily cases (40.3% reduction) at day 122 and 2402 daily cases (51.2% reduction) at day 31 can be seen for
Singapore, Hong Kong, and Sydney. Likewise, at 50% vaccination uptake, peaks of 607 cases (41.1% reduction) at day 50, 426
cases (58.0% reduction) at day 128 and 1875 cases (61.9% reduction) at day 44 can be observed. With a vaccination uptake of
80%, we observe a suppression of the epidemic wave of 32.1% in Singapore, 66.9% in Hong Kong and 26.5% in Sydney with
peaks of 395 daily cases (61.7% reduction) at day 75, 109 daily cases (89.3% reduction) at day 281 and 1480 daily cases (69.9%
reduction) at day 41 for Singapore, Hong Kong, and Sydney respectively. This resulted in cumulative infection peaks of 11 851
cases after 61 days, 9543 cases after 63 days, and 5724 cases after 85 days for Singapore, 9519 cases after 88 days, 6644 cases
after 136 days, and 1565 cases after 274 days for Hong Kong, 22 676 cases after 44 days, 18 471 cases after 49 days, and 16 402
cases after 50 days for Sydney, at 25%, 50%, and 80% vaccine uptake respectively.
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Fig. 3. Row 1) Simulations of the epidemic curve of mpox in Hong Kong across the different vaccination uptakes over the period of 12 months, under the Mass
Vaccination approach. Every simulation is plotted in grey, and the red line represents the median simulation run. The blue line is the median simulation run of the
baseline scenario, with no vaccination. Row 2) Simulations of the Daily Infections of mpox in Hong Kong across the different vaccination uptakes over the period
of 12 months, under the Mass Vaccination approach.
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There was an average of 0.82, 0.96 and 0.85 cases averted per vaccine in Singapore, Hong Kong and Sydney for the mass
vaccination strategy, compared to the average of 0.92, 1.47 and 0.86 cases averted per vaccine in Singapore, Hong Kong, and
Sydney for the targeted vaccination strategy.
4. Discussion

Here we studied mpox in three different contexts at current risk of outbreak; Singapore, Hong Kong and Sydney, where
different sexual behaviours in terms of the number of partners and frequency of sexual encounters are observed. While
models have been created to estimate outbreaks in the EU and Americas (Liu et al., 2023; Overton et al., 2023; Van Dijck et al.,
2023; Yang et al., 2023), limited research exists for outbreak preparation in Asia and Oceania. The susceptible population is
large inWestern Pacific and South-east Asia, which has 0.38% and 0.05% of all reported cases (World Health Organizationb). As
such, with the risingmpox cases in Japan (Endo et al., 2023; Nishiura et al., 2022), it is likely thatmore cases will occur in these
regions, due to the increase in travel within these regions post COVID-19.

Outbreak sizes differ by 1.5% (67.4%e68.9%), 4.9% (74.4%e79.3%) and 0.6% (89.4e90.0%) respectively, but in all contexts,
when a superspreader is infected, an outbreak size of around 24 393 (24 119e24 634), 39 415 (37 487e39 976) or 34 030
(33 907e34 150) is expected with no vaccination plan in place. The introduction of vaccination of 25%, 50%, and 80% of the
population however causes an average reduction of 25.6%, 51.3% and 81.8% in total outbreak size, with a much higher efficacy
in Hong Kong compared to the other two cities, due to its less dense sexual contact network. Prior mpox modelling studies
have shown that cases will continue to grow rapidly, if no intervention is implemented (Multi-Country Outbreak of mpox),
which corroboratewith our simulation findings leading up to the peak of the epidemic. The delay and reduction in the peak of
the epidemic when vaccination is implemented shows the importance of policy planning and rapid responses via vaccination
deployment upon the notification of imported cases, which will help for easier management of mpox cases, preventing
healthcare resource strain (Morris et al., 2021). We also simulated an epidemic outbreak with vaccine implementation after
21 days, and results can be found in the Supplementary Information. Any form of vaccination will help to reduce the size of
the epidemic, but pre-emptive vaccination before the outbreak is shown to have much greater efficacy in dampening the
epidemic curve.
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Fig. 4. Row 1) Simulations of the epidemic curve of mpox in Sydney across the different vaccination uptakes over the period of 4 months, under the Mass
Vaccination approach. Every simulation is plotted in grey, and the red line represents the median simulation run. The blue line is the median simulation run of the
baseline scenario, with no vaccination. Row 2) Simulations of the Daily Infections of mpox in Sydney across the different vaccination uptakes over the period of 4
months, under the Mass Vaccination approach.

G. Gan, A. Janhavi, G. Tong et al. Infectious Disease Modelling 9 (2024) 214e223
Superspreaders typically support 20�120 partner connections for all three cities: Singapore, Hong Kong and Sydney
(Supplementary Figs. 4e6). Given the relatively small size of the MSM community, 65.2%e83.2% across the networks are
connected to at least one super-spreader. This interconnection makes outbreak control particularly challenging with the high
level of ongoing contact. Fewer MSM in Singapore are connected to a super-spreader, compared to Hong Kong, where the
clusters are less dense, which could be due to the presence of multiple smaller connected networks in Hong Kong rather than
one largely connected network (Supplementary Fig. 7�9). Our model structure accommodates for the heavy-tailed sexual
partner distribution with heterogenous mixing (Endo et al., 2022) and contextualises the heterogeneous sexual behaviour
within the differentMSMnetworks (Molla et al., 2022).With few studies conducted on sexual contact degrees (Multi-Country
Outbreak of mpox), and the lack of mpoxmodelling in non-endemic countries (Sewell et al., 2020), our study aims to build on
available data to assist in policy making in countries with large susceptible populations, such as Asia and Oceania. The current
mpox models also do not consider the different sexual behaviours in different countries (Multi-Country Outbreak of mpox),
fail to account for super-spreading events (Yang et al., 2023), or are built using confirmed case data (Multi-Country Outbreak
of mpox; Yang et al., 2023; Van Dijck et al., 2023; Liu et al., 2023), which will limit its usefulness in estimating and forecasting
novel outbreaks. By using location specific sexual behaviour data to create the model, our model will be more useful in
simulating mpox outbreaks (Sewell et al., 2020). While mpox modelling has been done in a college campus setting, it was not
a network model and used simplified mixing patterns, which will limit the influence of super-spreaders (Savinkina et al.,
2023), the primary drivers of the epidemic (Endo et al., 2022).

High-risk sexual behaviours and the lack of vaccination have contributed to the outbreak of mpox (Beer; Jezek et al., 1987).
With vaccination being an effective intervention inmanaging thempoxoutbreak (Yang et al., 2023), more emphasis should be
placed on encouraging vaccination in the MSM community. Analysis of the network structure of the population is also
important in determining efficiency and effectiveness of interventions, for use in infectious disease policy making (Kao &
Enns, 2020), especially in times of vaccine shortages. With recommendations to lower sexual contact between individuals,
and high vaccination uptake in the community, it is possible to prevent the epidemic, as seen in the simulation for Hong Kong.

Although our study highlights the importance of pre-emptive or immediate vaccination upon the notification of the first
case, many policy challenges exist. The identification of superspreaders or individuals at risk of transmissionwithin the MSM
can bemet with substantial resistance inmany local contexts where stigmatisation ofMSM ormpox is rampant and can cause
220



Table 3
Simulation results for Targeted Vaccination over 1 year.

Simulation Total Vaccinated (median, 95%UI) Total Cases (median, 95%UI) % Infected

Baseline
Singapore e 24 393 (24 119e24 634) 68.2%
Hong Kong e 39 415 (37 487e39 976) 78.2%
Sydney e 34 030 (33 907e34 150) 89.7%

25% Vaccine Uptake
Singapore 2586 (2495e2681) 22 058 (21 806e22 299) 61.7%
Hong Kong 4300 (4185e4416) 34 440 (33 007e35 203) 68.4%
Sydney 3280 (3173e3391) 31 187 (31 030e31 348) 82.2%

50% Vaccine Uptake
Singapore 5173 (5037e5304) 19 638 (19 330e19 878) 354.2%
Hong Kong 8595 (8437e8767) 28 041 (26 094e29 163) 55.7%
Sydney 6561 (6420e6710) 28 385 (28 207e28 568) 74.8%

80% Vaccine Uptake
Singapore 8274 (8122e8423) 16 564 (16 239e16 835) 46.3%
Hong Kong 13 758 (13 563e13 952) 13 052 (3563e16 378) 25.9%
Sydney 10 495 (10 314e10 663) 25 023 (24 819e25 205) 65.9%
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individuals to not seek protective measures or medical care (Dsouza et al., 2023). This additionally makes contact tracing
measures difficult as individuals may be unwilling to divulge information of their sexual partners or be unaware of their
identity entirely in casual hook-ups. Solutions to this include the use of anonymous vaccination centres, and high levels of
community engagement to increase awareness of the risks and publicise the availability of vaccines for the MSM community.
Although theMSM community has been primarily affected withmost cases (84.1%)(World Health Organizationb), the vaccine
could also be offered to female partners of MSM who may be at risk of transmission should they seek protective measures.

Our study has several limitations, including only accounting for the primary form of transmission for mpox, and lack of
importation of mpox into the MSM communities. While most reported cases (82.2%)(World Health Organizationb) have skin
and mucosal contact be the reported mode of transmission, there are other forms of transmission which was not considered
in the model. The model is also built around surveys conducted regarding sexual behaviours of people living in the USA
(assumed to be parallel to Singapore based on local expertise), Hong Kong, and Sydney. These data were gathered before the
COVID-19 outbreak, which may have changed the sexual behaviour dynamics (Gleason et al., 2023; Lehmiller et al., 2021).
Additionally, the sexual behaviour of the MSM community is dynamic, and changes over time, which makes our simulation
useable as an estimation of the trajectory of mpox based on the best understanding we have on sexual contact patterns. There
may however be overestimation of the epidemic curve, due to an overestimation of the number of sexual partners and
frequency of sex with each partner should the MSM community reduce sexual contacts rates due to concerns on mpx
transmission. More recent contact and behavioural data is required to estimate the sexual behaviours and dynamics of the
MSM community, and accurately model the spread of the disease and provide better resolution to how a novel outbreak may
look like. There was also no differing of importation rates of mpox carriers in the model across time, as we explored the
impact of one seeding event instead of continual importation, which may occur with the resumption of international travel
post COVID-19 pandemic (Chen & Williamson, 2022). With increasing globalisation and frequent migration, more emphasis
on awareness and pre-emptive measures need to be implemented to limit the impact of a new outbreak (Sklenovsk�a & Van
Ranst, 2018). While countries had reported less than 1% of their estimated MSM population size being infected (Murayama
et al.), our model assumes that the sexual behaviour of individuals do not change with time, even if they are infected with
mpox. Together with the high transmission probability of mpox in the model if condom is not used, the number of cases
simulated by the model will be drastically higher than reported cases. There is also a possibility that there is an under-
reporting of cases, as most cases are mild, and recovery is possible without medical treatment.
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