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ABSTRACT

Background The ongoing 2023-2024 mpox outbreak

in several African countries, driven by the novel Clade

Ib strain, has resulted in imported cases being reported

in Sweden, Thailand and India. The potential high
transmissibility of this new strain and shifts in transmission
modes may make territories in Asia, which were
minimally affected by previous mpox waves, susceptible
to community-wide transmission following importation.
While this highlights the importance of early preparedness,
current knowledge of the virus’s transmission dynamics
remains too limited to effectively inform policymaking and
resource planning.

Methods A compartmental model was constructed to
characterise potential mpox transmission dynamics.
Importation-triggered outbreaks were simulated in 37
Asian cities under scenarios with one, three and five
initial local infections. The impacts of various non-
pharmaceutical interventions (NPIs), including isolation and
quarantine, were projected and compared.

Findings Our simulations revealed substantial disparities
in outbreak sizes among the 37 Asian cities with large-
scale outbreaks expected in territories with a high
proportion of sexually active individuals at risk or low
immunity from smallpox vaccination. Total case counts

in 1 year following initial local infections would increase
linearly with initial infection size. In the scenario with
three initial local infections, up to 340 cases per million
residents were expected without interventions. Isolation for
diagnosed cases was projected to lower the outbreak size
by 43.8% (IQR: 42.7-44.5%), 67.8% (IQR: 66.5-68.9%),
80.8% (IQR: 79.5-82.0%) and 88.0% (IQR: 86.8—89.1%)
when it reduced interpersonal contacts by 25%, 50%,
75% and 100%, respectively. Quarantining close contacts
would contribute to a further decrease in cases of up to
22 percentage points over 1 year.

Interpretation A potential mpox outbreak in an Asian
setting could be alleviated through strong surveillance
and a timely response from stakeholders. NPIs are
recommended for outbreak management due to their
demonstrated effectiveness and practicability.

INTRODUCTION

An outbreak caused by Clade I monkeypox
virus (MPXV) was estimated to have emerged
in September 2023 in South Kivu province,'
Democratic Republic of the Congo (DRC),
with transmission likely driven primarily

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Clade Ib monkeypox virus is circulating in the
Democratic Republic of the Congo and its neigh-
bouring countries, with imported cases being identi-
fied globally. Meanwhile, evidence indicates that the
virus can be transmitted through both sexual and
non-sexual routes, raising concerns about its poten-
tial spread in the general population. To prevent a
global outbreak, WHO suggested countries around
the globe to prepare in advance.

WHAT THIS STUDY ADDS

= Our simulations quantified the potential disease bur-
den of an mpox outbreak triggered by a once-time
importation event in 37 major Asian cities with vary-
ing pre-existing immunity levels and populations
at higher risk due to frequent sexual activities. The
compartmental modelling framework developed in
this study also projected the effectiveness of diverse
non-pharmaceutical intervention (NPI) strategies in
outbreak control, providing policymakers with guid-
ance for effective public health crisis management.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= An importation-triggered mpox outbreak can be
substantially mitigated with powerful disease sur-
veillance and a prompt response of the stakehold-
ers, but may also lead to severe consequences with
high morbidity and mortality if not addressed in time
in cities with a large highly sexually active popu-
lation. Various NPIs, particularly isolating infected
cases, are recommended for curbing the disease
outbreak due to their feasibility and effectiveness in
the Asian setting.

by sexual contact. The novel strain of the
outbreak, later designated as Clade Ib,
resulted in surging cases reported in the DRC,
alongside the endemic Clade Ia already circu-
lating in other provinces, and quickly spread
to neighbouring African countries, including
Burundi, Rwanda, Uganda and Kenya. As of
September 2024, importation has also been
detected outside the African continent, in
Sweden, Thailand and India.*” In response to
the rapid spread of Clade Ib in Africa, WHO
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re-declared mpox as a public health emergency of inter-
national concern, aiming to raise the global awareness
and prevent a repeat of the 2022 mpox outbreak, whose
global circulation could potentially be attributed to initial
negligence in surveillance and prevention.*

During the 2022 wave caused by Clade IIb MPXYV, over
90% of the cases reported were from Europe and the
Americas. In contrast, the Western Pacific, Southeast Asia
and Eastern Mediterranean regions—encompassing most
Asian countries—collectively accounted for fewer than
5% of all Clade IIb cases.” While the possibility of high
under-ascertainment exists due to the limited surveil-
lance efforts and reluctance in seeking medical help due
to stigmas associated with the infection,’ the proportion
of the population in Asia with active infection-induced
immunity against the virus is still likely to be much lower
compared with other regions of the world with higher
cumulative prevalence.

While Clade IIb MPXV was predominantly spread
through sexual transmission within the gay, bisexual and
other men-who-have-sex-with-men (GBMSM) commu-
nity,” heterosexual contact appears to play a more critical
role in the ongoing 2023-2024 mpox outbreak driven
by Clade Ib in the DRC and neighbouring countries
as female cases, especially sexual workers, comprised
approximately half of all the confirmed infections.' ®
Apart from the well-documented sexual mode of trans-
mission, evidence from the ongoing outbreak, including
the non-trivial contribution of children to reported
case counts, has suggested potential higher prevalence
of non-sexual transmission routes compared with the
previous 2022 outbreak.*'’ These two possible changes
in transmission modes, together with the high global
connectivity and international travel, raise the risk of
an importation-triggered mpox outbreak affecting the
general population, particularly in an Asian setting with
minimal prior exposure to the virus.

Throughout the COVID-19 pandemic, territories
in Asia gained valuable experience in implementing
non-pharmaceutical interventions (NPIs)." ' Social
distancing measures like quarantine and isolation, which
reduced interpersonal contact, effectively contained the
disease transmission.'” These successful stories offer hope
for the authorities in this area to leverage NPIs to curb a
potential mpox outbreak, should it become widespread
in the general community. Furthermore, the absence
of definitive evidence for respiratory transmission'* for
MPXYV implies that effective outbreak management might
be achieved through less stringent NPIs, such as isolating
infected individuals, compared with those implemented
during the COVID-19 pandemic.

Nevertheless, few NPIs were applied to manage the
2022 mpox outbreak, which affected only a limited
subpopulation. This creates great uncertainty about
their true effectiveness and sufficiency in averting a more
widespread mpox outbreak once it establishes itself in
the general population. In addition, the distinct trans-
mission patterns of Clade Ib MPXYV, especially regarding

the prolonged infectious duration and the combination
of sustained transmission through sexual and non-sexual
routes,'”'® make it challenging to directly extrapolate the
impacts of these containment measures from COVID-19
surveillance data.

To address these gaps, we performed this study to model
potential mpox outbreaks in 37 Asian cities, covering all
key territoriesin this region. We collected territory-specific
data on the immunity levels from smallpox vaccination,
age structure and sexually active populations which were
assumed to be of higher transmission risk. These statistics
enabled us to simulate importation-triggered outbreaks
using a modified deterministic susceptible-exposed-
infectious-recovered (SEIR) model and the transmissi-
bility parameters estimated from the surveillance data in
the DRC. We further projected the impacts of NPIs on
curbing outbreaks and reducing disease burden. These
results collectively provide insights into factors shaping
the outbreak dynamics, informing policymakers of strat-
egies to pre-empt or mitigate mpox transmission across
the continent.

METHODS

SEIR-style transmission model

We adapted a deterministic SEIR compartmental model
to characterise potential disease transmission patterns, as
shown in figure 1. Additional compartments, including
quarantined (Q), diagnosed (C) and dying (D), were
incorporated into the model to facilitate a more accurate
reflection of a real-world outbreak, with disease surveil-
lance, variations in disease burden among individuals
and the probable presence of intervention measures.
Nevertheless, the number of individuals transitioning
to compartment @ from the other compartments was
calculated separately at each time step, rather than being
solved simultaneously with the differential equation
system.

To account for the possible disparity in transmission
potential of mpox via community and additional sexual
contacts and heterogeneity in contact patterns within the
population, we segregated the affected population into
two groups: high-risk (H) and low-risk (1.) individuals.
Compared with low-risk individuals (the general popula-
tion), high-risk people were assumed to have an increased
infection risk due to higher contact rates within this
subpopulation, primarily driven by more frequent sexual
contacts. Diagnostic rate and disease severity were not
distinguished between these two groups.

Infections who underwent clinical testing would be
diagnosed and reported, while those untested were
assumed to have mild symptoms and would recover
without medical assistance. Both groups were assumed to
have the same infectious period, which was later varied in
a sensitivity analysis (online supplemental figure S1-S2).
We further stratified the diagnosed cases by severity. The
majority (97%) were expected to have mild symptoms
and be able to recover, while the remaining 3% were at
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high risk of death,” with their survival status depending
on the accessibility of medical resources.

Intervention measures built into the model include
isolating diagnosed cases and quarantining the close
contacts of confirmed cases. Both groups were presumed
to have limited daily interactions with others. Please refer
the section ‘Intervention effect projection’ and online
supplemental file 1 for more details.

Outbreak simulations for Asian cities
Using the established compartmental model, we simu-
lated potential mpox outbreaks in 37 major municipals
across Asia, each being either the capital or with the
largest population size in its respective territory. We set
the average number of secondary infections generated
by an infector through community and additional sexual
contacts in a fully susceptible population to be 1.02 (R;)
and 1.62 (Ry), respectively, implicitly presuming uniform
baseline disease transmissibility across different territo-
ries. These values were derived from the estimated overall
effective reproduction number and contributions of the
two transmission routes during the 2024 mpox outbreak
in South Kivu.'"® This extrapolation assumed that Clade
Ib MPXV transmission in the local community in Asian
cities would mirror the patterns observed in South Kivu
except for the population-level immunity from smallpox
vaccination or composition of high-risk and low-risk indi-
viduals. Using this combination of Ry and R, and other
predetermined parameter values (online supplemental
table S1-S2), we simulated the number of deaths and
compared the model predictions with the confirmed
death counts in South Kivu, the DRC,l7 to validate this
model at least within its original context (online supple-
mental figures S3-S4, tables S3-S4). Our simulated
trajectory traced the index animal-to-human transmis-
sion event back to September 2023, which is consistent
with the findings in literature,' substantiating the plau-
sibility of the model and the corresponding parameter
values used in projection.

Given the uncertainties surrounding travel volumes
and interactions between travellers and local residents,
we initiated the importation-triggered outbreaks by

(Bsly + Be(Uy + 11))Su
High-risk
a(l—dr)E

Low-risk
SL

Quarantined (Exposed) @

Infectious q"“Ner
(Undiagnosed) I,

Infectious
(To be tested) I

Quarantined
(Infectious, to be tested) Q4

modelling the outcome of a one-time importation event,
in which one or more susceptible individuals in the city
were converted to exposed status. These individuals are
henceforth referred to as initial local infections. We assumed
no pre-existing exposed or active infections in the popu-
lation prior to the importation. Neither did we account
for cross-protection from previous mpox outbreaks due
to the limited exposure to previous waves among individ-
uals outside the GBMSM community and the few docu-
mented mpox cases in the region.5 However, protection
from smallpox vaccines was considered given their high
efficacy and proven ability to prevent mpox infections,
particularly among individuals aged over 45 years.'® '
In our model, smallpox vaccines were treated as a leaky
vaccine, where a reduced risk of infection was assumed
among vaccinated individuals,2o while the alternative
assumption of an all-or-nothing vaccine was evaluated in
a sensitivity analysis (online supplemental figure S5-S6).
We obtained the territory-specific and age-specific vacci-
nation rates in 2024 using the model developed by Taube
et al’’ and aggregated the overall population immunity
level using the United Nations age distribution data®
and a geospatial-invariant 80.7% vaccine effectiveness,”’
based on which we scaled R and R, to obtain city-specific
risks of infection.

Following the approach of Murayama et al,'® we approx-
imated the size of the high-risk subpopulation by consid-
ering the number of sex workers and their male clients
as they were more likely to engage in higher frequencies
of sexual activity compared with the general population,
thus more likely to contract the disease or infect others.
Territory-specific sex worker statistics were collected
from the Joint United Nations Programme on HIV/
AIDS (UNAIDS) and the International Union of Sex
Workers,” ** while the estimated proportions of clients
among males aged 15-49 years were obtained from
Carael et al® We further assumed that males comprised
half of the population in each city and that all high-risk
individuals fell in the age group of 15-49 years. Based
on these assumptions, we calculated the proportions of
sexually active individuals at high risk in each territory

Diagnosed C Recovered R

yu(1—pp)C

Quarantined
(Infectious,

ag(1—dr)Q

undiagnosed) I,

Figure 1 Model schematic. /g = I+ Iy + (1 — Ciso) (CH+ Qi + IqH) and I, = I + Iy + (1 — Ciso) (CL + Q1+ IqL)
refer to the effective infectious high-risk active and low-risk subpopulations, respectively, where ¢;q, is the reduction in the
capacity of disease spreading due to quarantine or isolation and equals 0 in the absence of them. N¢7is the number of traced
close contacts, whose value depends on contact tracing capacity, number of newly diagnosed cases and existing infected
population. See online supplemental table S1-S2 for more details for these parameters.
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and their corresponding immunity level. To account for
the potential bias in the territory-specific estimates due to
limited data and potential temporal changes in the statis-
tics,” we additionally conducted a sensitivity analysis to
explore how variations in the high-risk population could
shape the outbreak dynamics in each city (online supple-
mental figures S7-S10).

We first simulated the outbreaks initiated by a single
local infection resulting from a one-time importation
event, modelling the scenarios in which the index infec-
tion occurred in either the low-risk or high-risk subpopu-
lation. To assess the impact of importation size on disease
transmission, we generated epidemic curves for the
initial local infection sizes of one, three and five. We set
the probability of each initial local infection belonging to
the high-risk group to be equal to the proportion of high-
risk individuals within the overall population, assuming
that initial local infections were all acquired through
community contact. Nevertheless, we performed a sensi-
tivity analysis to test this assumption, in which varying
numbers of initial infections belonged to the high-risk
group (online supplemental figures S11-S13). We did
not assume any subsequent importation events or the
implementation of NPIs (eg, isolation or quarantine) in
these scenarios.

Intervention effect projection
We evaluated two community-level NPIs: mandatory
stay-at-home requirement for diagnosed cases (hence-
forth referred to as ‘isolation’) and quarantine of their
close contacts captured by contact tracing (henceforth
referred to as ‘quarantine’). These measures aimed at
segregating the susceptible population from the detected
infections and individuals exposed but not yet infectious,
thereby reducing the risk of secondary infection.

Two intervention strategies, including
1. Isolation alone and
2. Isolation combined with quarantine

were proposed and assessed under the scenario of three
initial local infections due to a one-time importation
event. For each strategy, four levels of quarantine or isola-
tion effectiveness were assessed, in which the segregation
was expected to reduce contacts between the susceptible
and quarantined or isolated individuals by 25%, 50%,
75% or 100%. The varying isolation effectiveness levels
would allow for potential secondary infection of close
contacts due to incomplete adherence, particularly in
the case when community transmission is an established
pathway of transmission.'” Further details regarding
these NPIs are elaborated in online supplemental file 1.

We simulated epidemic trajectories over a 5-year (ie,
60-month) period for all the aforementioned scenarios,
from which we derived statistics to reflect epidemic growth
and outbreak size, including cumulative infections, cases
or potential deaths within 1 or 5 years following the initial
local infection(s). Region-level trends were summarised
as medians and IQRs of the 37 city-specific projections.
All the analyses and visualisation were performed using

the R software.”® Data and analytical scripts are available
at https://github.com/ShihuiJin/ mpox_SEIR.27

Patient and public involvement
None.

RESULTS

Susceptibility profiles of the 37 territories

The size of the susceptible population varied substan-
tially across the 37 territories. Under the assumption of
an 80.7% vaccine effectiveness, 34 territories had higher
immunity levels due to smallpox vaccines compared
with the DRC, with 27 having 75-90% of their popula-
tion remaining susceptible to MPXV. Territories in East
Asia, including China, Hong Kong SAR, Japan, South
Korea and Taiwan, had the lowest percentages of suscep-
tible population, at 60-70%. Nevertheless, the propor-
tion of high-risk susceptible individuals was relatively
larger in these territories, with at least 1.5% belonging
to this subpopulation. Several Southeast Asian territories,
such as Thailand, Cambodia, Laos and Singapore, also
had relatively high proportions of high-risk susceptible
subpopulations, accounting for over 2% of the total popu-
lation. This was particularly true in Thailand, where the
proportion reached a high value of 2.9%. In contrast, the
high-risk susceptible subpopulation was relatively small
in many territories in Central and West Asia, hovering
around or even below 1% (figure 2).

Outbreak scale under the scenario involving one initial local
infection

When the index local infection with Clade Ib MPXV
occurred in the low-risk group, Phnom Penh and Vien-
tiane were identified as the two cities with the highest
risk of large-scale outbreaks, with projected case counts
exceeding 50 within 1 year following the index local
infection. A significantly larger outbreak size would be
expected were the index local infection a high-risk indi-
vidual, with over 200 cases expected in any of the 37
cities within the same timeframe. Four cities—Phnom
Penh, Dubai, Vientiane and Manila—were projected to
experience outbreaks with over 1500 cases, while a few
other cities in East and Southeast Asia, such as Taipei,
Hong Kong and Jakarta, would be relatively less affected
(figure 3). However, the ultimate scale of the outbreak by
the end of the wave was minimally influenced by whether
the initial local infection occurred in the high-risk or low-
risk group (online supplemental figure S14).

Impact of importation size on local transmission

The risk of experiencing large-scale outbreaks remained
consistent across scenarios with varying initial local infec-
tion sizes, with the number of infections, cases or deaths
in 1 year linearly correlated with the number of initial
local infections. Specifically, in any city, an outbreak
triggered by five initial local infections would result in
approximately five times the number of infections within
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in the scenario with five initial local infections.

1 year compared with an outbreak initiated by a single
local infection (figure 4).

In three cities in Southeast and West Asia, including
Vientiane, Phnom Penh and Dubai, five initial local
infections would lead to over 1000 infections per million
residents within 1 year after the importation event that
caused these infections. In contrast, significantly smaller
proportions of the population would be affected in East
Asian cities, with no more than 60 infections per million
residents during the same period. Even under this hypo-
thetical worst-case scenario, mortality would remain low
in the first year, with no more than five infections per
million residents at risk of dying projected in 34 of the
37 Asian cities (figure 4). However, it is worth noting that

surges in case counts were not observed in countries until
over 1 year after the initial local infections, and that the
final outbreak size in one city by the end of the epidemic
wave was marginally affected by the initial local infection
sizes. Municipals with large populations or considerable
numbers of high-risk individuals, such as Shanghai and
Bangkok, were likely to experience high case counts
during the wave, even if the outbreak appeared relatively
modest in the first year (online supplemental figure S15).

Note that the projected epidemic trajectories might
vary substantially if alternative high-risk population sizes
were assumed instead of the values reported in literature
(online supplemental figures S8-S10). Furthermore,
the sensitivity analyses also show that the outbreak size
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in 1 year following the initial local infections would be
affected by the number of initial infections in the high-
risk population, where a higher proportion of infections
falling in this group would substantially increase the
outbreak scale (online supplemental figures S11-S13).
Modelling the smallpox vaccine as an all-or-nothing
mechanism, rather than a leaky vaccine as assumed in
the main analysis, would also result in more infections
over the first year (online supplemental figures S5 and
S6). However, a potentially shortened infectious period
among asymptomatic or mild infections could delay
outbreaks and reduce the scale across the Asian cities
(online supplemental figures SI and S2). Please refer to
online supplemental file 1 for further details on the simu-
lated outbreaks under these alternative scenarios.

Effectiveness of NPIs on outbreak control

Both isolation and quarantine would contribute to signif-
icant reductions in confirmed cases for the 37 cities. In
the scenario with three initial local infections, compared
with the baseline without NPIs, isolation alone would
bring a 43.8% (IQR: 42.8-44.7%), 67.8% (IQR: 66.5—
68.9%), 80.8% (IQR: 79.5-82.0%) and 88.0% (IQR:
86.8-89.1%) reduction to the cumulative cases within 1
year following the initial local infection events, when it
decreased the interpersonal contacts by 25%, 50%, 75%
and 100%, respectively. Adding quarantine would further
lower the cumulative cases by 22.0 (IQR: 21.8-22.1), 19.9
(IQR: 19.6-20.0), 13.5 (IQR: 13.1-13.7) and 8.4 (IQR:
8.0-8.8) percentage points for the four levels of isola-
tion effectiveness (figure 5). Nevertheless, the impact
of isolation substantially diminished when the assess-
ment window was extended to 5 years, while a significant

a lIsolation
25% — ;:v -
50% — aﬂ _
75% — ?. -
100% — o -
)

increase was observed in the effectiveness of quarantine,
potentially due to the delayed outbreak surge caused by
interventions (online supplemental figures S16 and S17,
table S5).

The impacts of NPIs also varied greatly across the 37
cities. Cities experiencing larger outbreaks within the
first year tended to benefit more from NPIs. For example,
in Phnom Penh, isolation alone could decrease 48.0%,
73.2%, 86.2% and 92.8% of confirmed cases at the four
effectiveness levels, respectively. Conversely, in cities
like Kathmandu and Almaty, where fewer than 20 cases
were expected in the first year, reductions were lower by
at least 9 percentage points at each effectiveness level
(figure 5, online supplemental figure S18). Nevertheless,
this strong association between intervention effectiveness
and local outbreak size was less evident when the assess-
ment period was extended to 5 years (online supple-
mental figures S16 and S19).

DISCUSSION

In this study, we simulated localised mpox outbreaks
triggered by a single importation event to project the
potential spread of Clade Ib MPXV in 37 Asian cities
with varying population sizes, levels of immunity from
smallpox vaccination and proportions of sexually active
population at higher transmission risk. In the scenario
involving three initial local infections, an outbreak of up
to 340 cases per million residents was anticipated within
1 year in the absence of interventions, while the imple-
mentation of potent isolation and quarantine measures
could lower the incidence to fewer than four per million.

b Isolation + Quarantine

© Phnom Penh (KHM)

@ Vientiane (LAO)

© Dubai (ARE) ©® Manila (PHL)
@ Kabul (AFG) @ Karachi (PAK)
@ Sanaa (YEM) ©® Dhaka (BGD)
@ Kuala Lumpur (MYS) @ Aleppo (SYR)

©® Muscat (OMN)
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Figure 5 Projected reduction in confirmed cases in 1 year following the initial three local infections due to the (a) isolation or
(b) isolation combined with quarantine. The reduction proportions were calculated for each level of isolation effectiveness (25%,
50%, 75% and 100% reduction in interpersonal contacts) Compared with the baseline scenario with no non-pharmaceutical
interventions (NPIs) and three initial local infections per city. Grey box plots display the median, IQRs and ranges of reductions
across the 37 cities. In the legend bar on the right, these cities were ordered by confirmed case counts in 1 year in the scenario

without NPIs, with a darker colour indicating a greater decrease.
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Our simulation results revealed positive correlations
between outbreak sizes and both the proportion of sexu-
ally active individuals at high transmission risk and the
level of immunity due to smallpox vaccination in each
city. While the large-scale outbreaks in Dubai were mainly
attributed to the low vaccine-induced (7%), the substan-
tial number of infections projected for Thailand, where
smallpox vaccines were estimated to protect over 30%
of the population from MPXYV infections, was primarily
the result of the high proportion of high-risk individ-
uals in the community.?' Specifically, over 10% of males
aged 15-49 years were documented to engage with sex
workers,” leading to an estimated 2.9% of the popula-
tion being unvaccinated and categorised as high-risk in
our study (figure 2). This finding is further supported by
the results of the sensitivity analysis, where Bangkok was
predicted to be among the cities with the lowest outbreak
risks under the assumption of a uniform high-risk propor-
tion among individuals aged 15—49 years across different
cities (online supplemental figures S7-S10).

Both NPIs assessed in our analysis—case isolation and
quarantining of close contacts—demonstrated prom-
ising potential in mitigating the outbreaks across all
Asian cities. While the median reduction in the total case
counts over 1 year was expected to approach roughly
90% in the ideal scenario where isolation was 100%
effective in preventing contacts between susceptible and
isolated infectious individuals, the rate of case reduction
would diminish per 25% increment in isolation effec-
tiveness. The actual effectiveness would depend on the
stringency of isolation policies, the isolation facilities
required (eg, home or designated healthcare centres)
and compliance of affected individuals, which may vary
between countries. Nevertheless, the moderate simulated
outbreak sizes in most cities suggest the feasibility of less
restrictive isolation measures, such as home isolation for
confirmed cases, since even with 50% isolation effective-
ness, our model projected fewer than 100 confirmed
cases per million residents in any Asian city in 1 year
following three initial local infections (online supple-
mental figures S17 and S18). Furthermore, given the
significantly longer infectious period of mpox compared
with COVID-19,15 extended isolation in healthcare facil-
ities could easily strain pre-existing infrastructure with a
surge in case counts.

The added benefits of quarantining close contacts,
beyond isolation alone, were consistently projected to
slow the disease spread, contributing to an additional
reduction of at least 5 percentage points in the case
counts over 1 year. This aligns with its extensive use during
the COVID-19 pandemic.”* However, delays in contact
tracing may affect quarantine effectiveness. In our anal-
ysis, we assumed a uniform 3-day interval between the
diagnosis of index cases and the identification of their
close contacts,”” but longer delays in contact tracing
could result in additional secondary infections caused by
the infectious close contacts. It is also important to note
that effective contact tracing would require substantial

human resources for identifying close contacts, which
may not always be readily available. As such, isolation is
recommended as the primary intervention strategy for
containing all potential outbreaks, with contact tracing
and quarantining serving as supplementary measures in
scenarios involving relatively large outbreak scales.

It is worth highlighting that our estimates of outbreak
sizes and disease burden were based on simulated
epidemic trajectories initiated by a one-time importa-
tion, whose outcomes were modelled through a fixed
size of initial local infections in the fully susceptible
local population for each city. It should be noted that
our simulations assumed these initial infections were
contracted through community contact. This assump-
tion may underestimate the number of infections over 1
year should the initial local transmission occur through
sexual contact within the high-risk group (online supple-
mental figures S11-S13). Moreover, we did not account
for recurring importation events due to the observation
of single imported cases in individual affected countries
outside the African continent by September 2024. Chal-
lenges also exist in quantifying the infectivity of incoming
infectious travellers on local residents as MPXV is mainly
transmitted through close contacts'’ and contact patterns
between travellers and the local population might differ
significantly from those within the local community.
Nevertheless, given the high disease transmissibility, espe-
cially through sexual transmission, the role of importa-
tion would likely be minimal in influencing the epidemic
curve once the virus begins to circulate within the city.

In this study, we employed a deterministic model to
project the average outcome of disease transmission
across diverse scenarios. The model’s lack of stochas-
ticity limits its capability to capture the uncertainties in
the epidemic trajectories. Particularly, in low-incidence
scenarios with fewer than five infections over an extended
period, stochastic effects in reality could lead to the
extinction of infections, while a deterministic model
allows for fractional infections and prevents the transmis-
sion from dying out as long as the effective reproduction
number is at least one. This poses challenges in quan-
tifying the probability of extinction and interpreting
predictions during the early stages of an outbreak. There-
fore, we alternatively focused on infection sizes over an
extended simulation period, during which the outbreak
sizes were generally sufficiently large. In this context, the
consistent, predictable outcomes generated by the deter-
ministic model offer a more intuitive quantification of
the potential outbreak scales in the investigated cities,
supporting comparisons across settings and facilitating
informed decision-making.

A further simplification of real-world scenarios in our
study lies in the modelling of vaccination effectiveness.
We assumed a leaky vaccine model for historical smallpox
vaccines, representing their impact as a population-level
reduction in disease transmissibility. Compared with an
all-or-nothing assumption, this assumption led to slower
outbreak progression but a larger final outbreak size
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(online supplemental figures S5 and $6).*' Meanwhile,
we did not account for the reducing population immu-
nity due to ageing over the long simulation window,
which may have caused an underestimation of the final
outbreak sizes.

In addition, it should be noted that our approxima-
tion of high-risk population sizes was based on reported
numbers of sex workers and their clients.* > Although
consistent data sources were used for most territories and
the same calculation method was applied to enhance
the comparability across territories, relevant statistics
were unavailable for certain territories, especially those
in the Middle East. Consequently, we extrapolated the
figures using subregional average proportions, which
were lower than the reported values for other parts of
Asia. Possibilities also exist that the number of individuals
engaging with sex workers was under-reported in surveys
due to strict cultural norms in some Asian territories and
the stigma associated with acknowledging commercial
sex.” * Both factors could lead to an underestimation
of the high-risk population sizes and hence an underesti-
mation of outbreak size as sexual transmission was a key
driver of disease spread in our simulations.

Another major limitation of our study pertains to
the large uncertainty surrounding transmission-related
model parameters. The co-circulation of multiple
MPXV clades in Africa,”® along with a lack of compre-
hensive sequencing data, complicates efforts to pinpoint
the transmissibility of MPXV Clade Ib. The disparities
in transmission dynamics across regions with reported
Clade Ib MPXYV infections introduced additional unsure-
ness regarding the contribution of sexual transmission
to the overall outbreak.'® In this study, we stratified the
population according to their sexual activity levels and
based the transmissibility estimates for these two groups
on disease surveillance data from South Kivu, assuming
that transmission in the province was predominately
driven by Clade Ib MPXV. These parameter estimates
were derived using a next-generation matrix approach,
accounting for the impacts of heterogeneous sexual
networks and the age-specific contact patterns,'® but
our population-level model did not fully capture the
detailed network structure. Since the cases identified
outside the African continent primarily consisted of
importations and data on local transmission remained
scarce by September 2024, we extrapolated these esti-
mates from the outbreak data in the DRC to the Asian
urban setting without validating against context-specific
observations. We characterised the heterogeneity in
effective reproduction number across individual cities
using territory-specific smallpox immunity profiles and
high-risk population sizes. However, several other driving
factors of the transmission potential were not included
due to the limited available data and challenges in quan-
tifying their exact impacts on shaping the transmissibility
of Clade Ib MPXV. Particularly, geospatial differences
are likely to exist in the number and frequency of close
contacts across the 37 Asian cities, including both sexual

interactions and physical contacts within households
stemming from discrepancies in family sizes, demograph-
ical structures, living habits, cultural norms and other
social and economic factors. This limits the generalis-
ability of our results. Given the relatively smaller house-
hold sizes in many Asian cities compared with those in
the DRC,* the number of infections might have been
overestimated. The shortened viral shedding duration
among asymptomatic or mild infections,” coupled with
their potentially reduced frequencies of contacts owing
to self-isolation, may also contribute to an overestima-
tion of their infectivity and hence an overestimation of
outbreak sizes (online supplemental figures S1 and S2).
Furthermore, the reliance on surveillance data sourcing
from Africa, where healthcare and monitoring systems
may face constraints, might have led to an underestima-
tion of infection sizes and an overestimation of disease
severity. Consequently, the projected potential death
counts based on African data in our study may far exceed
reality in many Asian cities. With the availability of more
case data and epidemiological parameters, our model
may require updating.

Despite these limitations, our simulations suggest
that while mpox outbreaks triggered by importation
could lead to substantial morbidity and mortality in
an Asian city with large populations of sexually active
individuals at risk, they would still remain controllable
provided adequate preparation and a timely response
from decision-makers, underscoring the significance of
robust surveillance systems. In addition, the transmission
model proposed in this study enables the quantification
of the impacts of containment measures widely applied
during the COVID-19 pandemic on mpox outbreaks, an
area much less explored compared with the virus’s trans-
mission patterns.1 % Provided proper implementation,
the NPIs evaluated in this study have the potential to
suppress outbreak sizes and curb disease spread by up to
99%, offering evidence for adopting them to effectively
manage new outbreaks with potentially high community
transmissibility. Based on these findings, there exists an
urgent need for strong surveillance systems, efficient
contact tracing, quarantining of close contacts and insti-
tutional isolation of cases.
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