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International air travel has been recognized as a crucial factor in the cross-regional transmission of monkeypox (now known as
mpox) since this disease rapidly spread across the globe in May 2022. On September 6, 2022, Hong Kong SAR (HK) reported its
first imported mpox case with travel history of the United States (US), Canada, and the Philippines. In this study, we estimated the
importation risk to HK from 25 international departure regions from May 1 to September 6, 2022, based on the prevalence of
presymptomatic mpox cases in the study regions, and time-varying flight mobility evaluated by aggregating multiple open-access
air travel datasets (e.g., OpenSky and Aviation Edge). The results of the study indicated that during the study period, the highest
risk of mpox importation was from the US, at 63% (95% CI: 32% and 95%), followed by the United Kingdom (UK) and Canada,
with risks of 29% (95% CI: 10% and 63%), and 17% (95% CI: 8% and 32%), respectively. The importation risk of mpox from the US
and Canada was substantially higher than from the other regions, which was aligned with the travel history of the first reported case
in HK. Our study introduces a simplified computational method that estimates the risk of importation mpox virus by combining
air travel mobility, disease prevalence, and observed real-world scenarios to achieve accurate outcome estimates. Estimating the
cross-regional importation risk of mpox would be beneficial in designing and adjusting inbound measures appropriately, which are
essential for emergency public health policies.

1. Introduction

Mpox (monkeypox) is a zoonotic disease rarely transmitted
outside Africa before 2022 [1-3]. On May 7, 2022, a confirmed
case of mpox who traveled from Nigeria to the United Kingdom
(UK) [4] was reported by the World Health Organization. After
that, the rapid outbreak marked the first time that mpox
spread widely in non-endemic countries, covering Europe,
North America, and Oceania successively [5]. On July 23,
2022, World Health Organization declared the ongoing mpox
outbreak as a Public Health Emergency of International Concern
(PHEIC) [6]. As of December 28, 2022, 83,751 cases had been
reported in 110 countries or regions, with 9 countries reporting a
high-cumulative number of cases (>3,000), namely the US

(n=29,554), Brazil (n=10,493), Spain (n=7,496), France
(n=4,114), Colombia (n=4,021), UK (n=3,730), Germany
(n=3,676), Peru (n=3,643), and Mexico (n=3,509) [7].
International air travel plays a critical role in the trans-
mission of mpox [8]. Most confirmed cases were with travel
history from European and North American countries rather
than West or Central Africa [9, 10]. The first imported mpox
case in Hong Kong SAR (HK), whose recent stops included
the US, Canada, and the Philippines, was documented on
September 6, 2022 [11]. The Government of Hong Kong
has procured a third-generation vaccine, “JYNNEOS,” which
has been licensed by the US Food and Drug Administration
(FDA) to protect against mpox [12]. Although rapid
responses were quickly initiated in non-endemic areas,



including vaccination and surveillance of human-to-human
transmission, travelers from high-risk regions may still pose
a potential importation risk to the destinations due to the
long incubation period [13].

Various mathematical models and research methods
have been developed to estimate the risk of cross-regional
transmission. Previous research has provided vital insight
into infectious disease transmission by combining travel
data with local disease surveillance data [14—17]. In the fight
against COVID-19 outbreaks, the importation risk of
COVID-19 (including the wildtype, 501Y, and Omicron sub-
variants) is quantified based on the accessibility to the airline
network and local disease situations to guide inbound con-
trol measures [18-21]. The correlations between air travel
mobility and the international transmission of mpox have
been clearly identified [22—-24]. These studies highlighted the
importance of appropriately estimating the importation risk
among air passengers to effectively mitigate the cross-
regional transmission of infectious disease [25-27]. How-
ever, previous studies have shown that there were biases in
the estimation of disease importation risk due to limited data
sources [28, 29]. Making more reasonable assumptions and
integrating multiple data sources can further improve the
accuracy of emergency importation risk estimations for the
specific regions.

As a major international transportation hub and a special
administrative region of China, HK has been affected by the
global spread of infectious diseases over the past decades [3,
30]. HK experienced the SARS outbreak in 2003 [31] as well
as the Influenza A (HIN1) pandemic in 2009 [32], and fur-
ther fueled and accelerated the global transmission of these
diseases [33]. The air traffic from overseas to Hong Kong has
been increasing gradually following the reopening of HK on
August 12, 2022 [34]. Our study aims to quantify the impor-
tation risk of mpox by combining aviation transportation
data and prevalence in origin regions estimated during the
early stage of the emergency public health outbreak, using
HK as a case study. We estimated the daily volumes of air
travel passengers from international regions to HK via open-
access aviation datasets (e.g., OpenSky [35], Aviation Edge
[36], and the prevalence of mpox by country from Our
World in Data [7]. Our research included 25 regions cover-
ing four continents with the most reported cases and direct
air connection to HK. We further estimated the likelihood of
importing at least one case of mpox, taking into account the
number of observed cases before September 6, 2022, which
was the date of the first imported case of mpox in HK.
Understanding and nowcasting the international importa-
tion risk of the mpox virus would be critical for designing
appropriate emergency public health strategies and inbound
measures to reduce the transmission risk.

2. Materials and Methods

2.1. Data Source. To estimate the daily number of passengers
traveling to HK, we aggregated the daily direct flights arriv-
ing (and landing) in HK by combining the results from the
OpenSky [35] and Aviation Edge [36]. The information for
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each airport and estimated passenger capacity per aircraft
were obtained from OurAirports [37] and the Admtl [38],
respectively.

We retrieved monthly data for about 696,000 air-travel
passengers arriving or transiting in HK during the study
period T (from May 1 to September 6, 2022) [39]. In total,
we extracted 20,181 direct and transit flights from 46 distinct
regions, with 14,858 from OpenSky and 5,323 additional
from Aviation Edge. Due to the lack of transit flight infor-
mation, we assumed HK was the destination for every flight
landing at Hong Kong International Airport. We obtained
the 7-day smoothed daily reported cases of mpox of different
countries and regions from Our World in Data [7] from May
to September 2022.

2.2. Estimating Daily Air-Travel Passengers from International
Regions to HK. We first estimate the time-varying mobility via
air travel following the methods used by Bai et al. [40] and
then calculate the prevalence of presymptomatic cases in a
given area to estimate the likelihood of introductions. The
notation and values of the parameters are provided in
Table 1.

Given the lack of information regarding the actual com-
position of each flight, it was assumed that each flight was at
full capacity. Used €Q4(¢) is the daily volume of aircraft a
from the international region o to HK and ¢, is the maxi-
mum passenger capacity for aircraft a of all types of aircraft
A [38]. Thus, the approximated inbound passengers m,(t)
from o to HK on day ¢ is given by: m,(t) =Y, ,ca £24(t) X €,.
Then, we validated the air traffic by defining the ascertain-
ment rate of passenger volume Y ,(T) as the ratio of actual
and estimated passengers. The ascertainment rate will help
us to adjust for any potential overestimation of the volume of
air travelers, which is given by the following:

_6,(T)
YD(T) B Zt,tGT mo(t> '

(1)

where 6,(T) stands for the actual passengers from o during
T. For those regions without the monthly visitor statistics to
HK [39], we matched m,(¢t) and the ascertainment rate
Y’,(T) to estimate the daily inbound volume: M,(T) =
Yo (T) X my ().

2.3. Estimating Presymptomatic Prevalence of Mpox. We uti-
lized 7-day smoothed mpox cases reported by region [7] to
estimate the presymptomatic prevalence of mpox. Following
the subexponential model [23, 43], we first estimated the
confirmed case on day t during the early outbreak of epi-
demics by:

L(t) = r[r(1 = p)t + L(t,)1=P] 1/1=P), (2)

where t, indicates the date when the case was first detected in
region o and I, (¢,) the corresponding initial number, r and p
are the growth rate and the deceleration of growth, respec-
tively. We assume r and p follow the normal distributions
and estimate their mean and standard variance based on the
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TaBLE 1: Model parameters and data sources.

Symbol Description Values Sources

Number of landed flights of type a from region o to - .
a
Q4(t) HK at time ¢ Daily inbound flights [35]
€, Passenger capacity of aircraft a Capacity of each aircraft [38]
Number of HK daily inbound passengers during .

5,(T) study period T Monthly inbound passengers [39]

Y, (T) Ascertainment rate of air traffic of region o Scaling factor Estimated
Volume of estimated air passengers from region o to g .

M,(t) HK at fime ¢ Daily air passengers Estimated

N, Population size of region o 2021 Population estimates [41]

L) The number of new repotted cases per person in the Incidence Estimated

general population per unit time

P, (1) The prevalence of presymptomatic mpox cases Prevalence (rate) Estimated

D, The time period betwesssler;fectlon and symptoms Incubation period 7 days (range: 3, 20) [13]

I,(t) Importation force from the region/country o at time ¢ Estimated volume of imported cases Estimated

¥, (1) The cumulative probability of imported at least one Estimated importation risk Estimated

infection from the region o during study period T

daily confirmed cases in the study region, using the Levenberg—
Marquardt algorithm implemented in the prior studies [43] to
minimize the residual sum of squares (RSS) between the model
output and the observed cases.

To calculate the total number of infected cases who had
not yet developed symptoms @, (t), we back-shifted the time
series of reported cases by incubation period D;:

X (). (3)

Then, we divided the total cases by the population size N,
of the origin o to calculate the prevalence of presymptomatic
cases, which is given by P,(t) = ®,(t)/N,. For each simula-
tion to yield the incidence in the region o during the study
period, we independently simulate 1,000 times to sample a
pair of r and p from the normal distributions to introduce
uncertainty.

2.4. Estimating Importation Risk of Mpox. We assumed all
the mpox cases (had not developed symptoms among pas-
sengers who intended to travel to HK) would be able to
board. To estimate the number of imported cases from
each region, we combined air passenger with the daily prev-
alence of mpox to yield the importation force of cases that
have not developed symptoms. We assumed that the propor-
tion of presymptomatic passengers departing from a region
was the same as the overall prevalence of presymptomatic
cases in that region. Thus, the imported cases from region o
to HK on day t, is given by:

Fo(t) = Po(t) X M, (1). (4)

Informed by the first case among inbound passengers
reported in HK who might be infected in the US on Septem-
ber 6, 2022 [11], we calibrated the cumulative number of
imported cases from the US as one at the end of the study

period. Based on the observed event by September 6, 2022,
we normalized each origin region’s cumulative imported
cases, by I',(t) =1,(t)/'ys(t,), where I'ys(t,) =1 denotes
the observed imported cases from the US on ¢, (September
6, 2022).

Assuming that the imported cases of mpox from the
study region o to HK are essentially a nonhomogeneous
Poisson process [44, 45], we estimated the cumulative prob-
ability of at least one infected case [20, 28] being introduced
from o to HK by ¢ as:

W (1) =1 - exp {- / :tofo(i)dz}. (5)

3. Results

We estimated the time-varying flight mobility from a given
country or region to HK with multiple open-access air travel
datasets and the prevalence of presymptomatic cases in each
study region. We synthesized these results to calculate the
likelihood of at least one imported case occurring before
September 6, 2022. Two indicators for the international
importation risk of mpox to HK, namely the cumulative
volume of imported cases and the cumulative probability
of importing at least one case, were estimated by combining
the aviation transportation data and the prevalence in origin
regions. The estimated importation risk for the 25 regions
between May 1 and September 6, 2022 is shown in Table 2.

Figure 1(a) shows the estimated number of imported
cases in HK by September 6, 2022. The x-axis designates
the estimated cumulative imported cases. Among the 25
international regions included in this study, we estimated
that the US imported the maximum cases at 1.0 (95% CIL:
0.39 and 2.89), followed by UK at 0.35 (95% CI: 0.10 and
0.99) and Canada at 0.19 (95% CI: 0.08 and 0.38).



TaBLE 2: Importation risk estimated during the study period.

Location

Importation risk (95% CI)

United States
United Kingdom
Canada

63.21% (32.41%, 94.73%)

29.17% (9.80%, 62.71%)

17.27% (7.55%, 31.76%)

France 9.21% (3.15%, 24.75%)
Germany 8.18% (2.09%, 24.21%)
Netherlands 5.10% (1.61%, 12.91%)
Luxembourg 1.82% (0.94%, 3.61%)
Australia 1.73% (1.04%, 3.05%)
Singapore 1.70% (0.77%, 3.67%)
Belgium 1.05% (0.48%, 2.07%)
Switzerland 0.50% (0.28%, 0.86%)
Israel 0.45% (0.25%, 0.76%)
Ttaly 0.32% (0.14%, 0.73%)
Qatar 0.24% (0.13%, 0.44%)
New Zealand 0.11% (0.06%, 0.21%)
United Arab Emirates 0.10% (0.01%, 0.36%)
Thailand 0.06% (0, 0.10%)
Finland 0.04% (0.01%, 0.12%)
Philippines 0.01% (0, 0.02%)
Japan 0.01% (0.01%, 0.02%)
South Korea 0.01% (0, 0.02%)
Saudi Arabia 0 (0, 0.01%)
India 0 (0, 0)
Turkey 0(0,0)
Indonesia 0 (0, 0)

Note: We estimated the cumulative risk of importation (95% CI) from 25
regions as of September 6, 2022. The region in bold denotes the first case
detected in HK who arrived from the Philippines after traveling in the US
and Canada.

Figure 1(b) represents the curve of importation risk
reflecting the cumulative probability of importing at least
one mpox case among inbound travelers. Based on the
observed sources of imported cases, only the US had a
mean importation risk of 63% (95% CI: 32% and 95%) higher
than 50% as of September 6, 2022. The UK and Canada are
the following, with 29% (10% and 63%) and 17% (8% and
32%), respectively.

Figure 2 displays the risk of importation of mpox for the
study regions as of September 6, 2022. Regions with colors
closer to red indicate a higher risk of importation, while
regions shaded in gray were not analyzed due to a lack of
available mobility data or the absence of reported cases of
the mpox.

4. Discussion

Understanding human mobility patterns would be beneficial
for measuring and mitigating epidemiological risks [46]. It is
important to be aware of travel-related infections and the
potential for global travelers to disseminate the infection
and introduce pathogens to previously unaffected areas
[47]. The source of importation of a novel emerging infec-
tious disease will most likely be determined by the high
prevalence and incidence at potential departure locations
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for international travel [16]. Drawing upon two strands
aforementioned of research into risk estimation, this study
attempts to investigate the time-varying importation risk of
mpox from international regions to HK. Informed by the
arrival number of passengers and the local prevalence of
mpox in each international departure location, we developed
a statistical method to estimate the cumulative risk of impor-
tation of mpox by combining actual imported events in the
HK. Our results were aligned with reality, and the estimates
of imported cases reflected the connectivity of air travel
and the prevalence of mpox in the corresponding origin
countries.

Our findings emphasize the importance of enhancing
inbound surveillance among travelers from regions with a
high prevalence of mpox. The cumulative risk of importation
from a region is highly correlated with the aggregated air
travel flow and the prevalence of mpox. Our study found
that the risk from the US and Canada was relatively higher,
which is aligned with the facts of observation that the first
reported case in HK once stayed in both countries before
arriving and may have been infected there. The counts of
mpox cases in the US surged from July to August [48], and
the volume of travelers from the US continuously increased
during this period due to the lifting of boarding requirements
and inbound compulsory in HK [39, 34]. A previous study
by Du et al. [23] utilizing the risk matrix method arrived at a
similar conclusion regarding the importation risk of mpox
into Mainland China: the US posed the highest risk of mpox
importation and should be subject to close monitoring.
Except for the US, where the imported cases have been
observed, several non-endemic countries, including the
UK, Canada, France, Germany, and the Netherlands, are
also at relatively high risk of importation. During the current
outbreak, mpox virus is typically transmitted through MSM
(men who have sex with men) [49], close contact with groups
who developed symptoms, such as healthcare workers, labo-
ratory personnel, and individuals who engage in “high-risk
sexual practices”, such as sex workers [50]. Although the
probability of importing a case of mpox via international
air travel is extremely low at the end of August 2022, imple-
menting health surveillance and contact tracing for passen-
gers with potential high-risk activities from specific areas
would effectively contain the cross-regional transmission
of mpox.

Several assumptions and limitations should be discussed
in our methods and estimations. First, due to unavailability
of the fine-resolution dataset of commercial aviation, we
postulated that air travel between regions is only directed,
while the indirect travels should also be considered in the air
traffic volumes. Owing to the lack of information regarding
the proportion of transit passengers from certain countries in
HK International Airport in 2022, these initial assumptions
could lead to an overestimation of the overall travel volume.
To mitigate these biases, adjustments were made to the num-
ber of daily visitors from each country using Hong Kong
tourism statistics, ensuring the accuracy of the overall vol-
ume of air passengers without compromising data quality.
However, misidentifying risk sources can result in ignoring
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FIGURE 1: Estimated risk of mpox introductions from international regions to HK via 1,000 stochastic simulations from May 1 to September 6,
2022. (a) As of September 6, 2022, the estimated number of imported cases arrived in Hong Kong based on OpenSky data and Aviation API
database. The barplot shows the estimated number of imported cases from the top 10 regions during the study period, along with a 95%
confidence interval; (b) probability that > 1 individual infected with mpox virus imported to Hong Kong SAR from the study countries and
regions by the date indicated on the x-axis. The dotted blue vertical line indicates September 6, 2022, the date when the first mpox case was
reported in Hong Kong SAR. The recent stops, including the US, Canada, and the Philippines, are shown in bold. Line colors correspond to
the relative risk for importations as of that date, with red and blue denoting high and low probability, respectively.
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Ficure 2: Cumulative probability of at least one mpox case imported from international regions to HK by September 6, 2022 in 1,000
stochastic simulations. Red to blue indicate the regions with high and low risk, respectively. Regions shaded in gray were not analyzed due to
the lack of available mobility data or the absence of reported cases of mpox.

the risk of importation in specific areas. Combining complete
passengers’ travel information with flight transfer records is
expected to improve the accuracy of estimates of absolute
importation risks from international departures, but would
not expect to substantially change the analysis results. Our
main contribution to this analysis is the relative risk based on
the observed importation events. As a result, the risk indica-
tors presented in this article do not provide absolute esti-
mates of the importation risk.

Second, our approach of estimating the disease prevalence
relies on the reported cases in the early phase of an outbreak.
However, by giving the differences in mpox surveillance capac-
ity across various regions and the delay between infection and
case reporting [51], undetected cases may lead to underestima-
tion of local presymptomatic prevalence. Furthermore, we
assumed that only infected cases who had not developed symp-
toms could board following the study by Du et al. [28]. While in
reality, individuals with asymptomatic or mild infection may
also be able to go aboard [52]. Understanding the contribution
of asymptomatic individuals to the transmission of mpox

disease is critical in improving our estimates of potentially
infected individuals among air travelers [53, 54].

Last, our approach only applied to the importation risks
posed by the air traffic. Hence the results cannot capture the
risk of importation between regions with the high volumes of
land and marine traffic [16, 25, 55].

5. Conclusions

To conclude, our study provided a simplified computational
method for estimating the mpox virus importation risk based
on air travel mobility and disease prevalence. The approach
can be adjusted to incorporate prevalence estimates and flight
data from any origin and destination locations requiring min-
imum data. Our findings emphasize the necessity for a more
comprehensive understanding of the probable sources of case
importation for predictive simulation and risk perception.
Reliable estimates of the risk of international importation
from endemic or non-endemic areas will benefit the accurate
quantification of the potential need to curtail cross-regional
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transmission of the pox virus, as well as the implementation of
disease monitoring and preparedness.

Data Availability

The data underlying this article and these programs will be
shared on reasonable request with the corresponding author
(email to the corresponding author). The database of the air
travel and mpox cases is publicly available at crowdsourced
air traffic data from The OpenSky Network 2020 | Zenodo,
Aviation Edge—Database, and API—Aviation database and
API (https://aviation-edge.com), Mpox (monkeypox)-Our
World in Data, respectively.
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