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Background: The COVID-19 outbreaks associated with mass religious gatherings which have the
potential of invoking epidemics at large scale have been a great concern. This study aimed to
evaluate the risk of outbreak in mass religious gathering and further to assess the preparedness
of non-pharmaceutical interventions (NPIs) for preventing COVID-19 outbreak in this context.
Methods: The risk of COVID-19 outbreak in mass religious gathering was evaluated by using sec-
ondary COVID-19 cases and reproductive numbers. The preparedness of a series of NPIs for pre-
venting COVID-19 outbreak in mass religious gathering was then assessed by using a density-
dependent model. This approach was first illustrated by the Mazu Pilgrimage in Taiwan and
validated by using the COVID-19 outbreak in the Shincheonji Church of Jesus (SCJ) religious
gathering in South Korea.
Results: Through the strict implementation of 80% NPIs in the Mazu Pilgrimage, the number of
secondary cases can be substantially reduced from 1508 (95% CI: 900e2176) to 294 (95% CI: 169
e420) with the reproductive number (R) significantly below one (0.54, 95% CI: 0.31e0.78),
indicating an effective containment of outbreak. The expected number of secondary COVID-
19 cases in the SCJ gathering was estimated as 232 (basic reproductive number (R0) Z 6.02)
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and 579 (R0 Z 2.50) for the first and second outbreak, respectively, with a total expected cases
(833) close to the observed data on high infection of COVID-19 cases (887, R0 Z 3.00).
Conclusion: We provided the evidence on the preparedness of NPIs for preventing COVID-19
outbreak in the context of mass religious gathering by using a density-dependent model.
Copyright ª 2021, Formosan Medical Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Containment measures stemming from the principle of NPIs
plays a major role for the prevention of outbreak during the
incipient stage of the emerging disease.1e3 This is espe-
cially true for highly contagious disease when effective
pharmaceutical interventions are not yet available, which
is the situation for early COVID-19 pandemic.4e9 The
rationale for applying NPIs lies in the mechanism of trans-
mission for infectious disease captured by basic reproduc-
tive number, R0.

10 An infectious process involved with two
components: the contact between susceptible and in-
fectives and the transmission of the disease with certain
probability. This two-step process should take place during
the infectious period of the infectives for an effective
transmission to occur. Following this rationale, the main
purpose of NPIs is thus to reduce the contact rate by which
the transmission of disease can be attenuated.10e16 The
policy of setting restriction on mass gathering including
closure of school, cancelling activities such as exhibitions
and conferences with attendances reaching a predefined
limit, and religious activities is one of the realizations of
NPIs by which the contact rate can be reduced and the
clustering event can be prevented.17e20

Among the types of mass gathering associated with
increased risk of COVID-19 outbreaks, the balance between
the spiritual roles of religious activities in communities and
its risk of clustered COVID-19 cases have incurred vigorous
debate on whether the religious gathering should be sus-
pended, at least temporarily, as one of the social distancing
measures to prevent or mitigate regional epidemic.18,21e24

In the early outbreak of COVID-19 in 2020, several clus-
tered transmissions of SARS-CoV-2 in mass religious gath-
erings occurred worldwide.21,23e25 Followed by the
clustered COVID-19 cases associated with religious activ-
ities, regional epidemics were reported.21,23 The early
regional COVID-19 outbreak in Daegu, South Korea is one of
such an event.26e32 After the cluster of COVID-19 cases
association with the Shincheonji Church of Jesus (SCJ) mass
religious gathering in Daegu, the confirm cases of South
Korea have increased from 30 to more than 8000 in March.27

The soaring COVID-19 cases accelerated substantially by
the SCJ mass religious gathering in South Korea have
underscored the risk of SARS-CoV-2 transmission in such a
scenario.

Due to its characteristics of attracting massive atten-
dants and close contacts during a substantial period, the
mass religious gathering has often been postponed or
canceled during COVID-19 pandemic.17,18,21,33 However, the
efficacy of such a strict measure in preventing COVID-19
S58
spread has not been assessed and quantified. Further-
more, with the ebb of COVID-19 pandemic, some of the
mass gathering events including religious activities may
return with daily life in post-pandemic era. The assessment
on the risk of clustered transmission and the NPIs pre-
paredness are imperative for allowing its engagement and
the implementation of acceptable and feasible preventive
measures. Although it is intuitive to implement the NPIs to
curb the epidemic curve, its effectiveness has been barely
addressed in the context of its implementation.19,20,33

Furthermore, given the variety and complexity in the ac-
tivities involved in mass gathering, it calls for a specific and
evidence-based guidance for the type of social distancing
measures that should be taken and the scale of the re-
strictions that should be implemented. This is especially
true for the recommendations for mass gathering involved
with religious events, which often have great importance
on both societal and religious aspects.

We thus aimed to assess the risk of disease spread in
public gathering event by making use of the long standing and
well established mass religious gathering of Mazu Pilgrimage
in Taiwan.34e40 The extended duration with complex con-
tents of the entire itinerary of Mazu Pilgrimage provide a
good chance to look into the efficacy and the preparedness of
a series of NPIs in preventing the transmission of disease
based on the current scenario of COVID-19 epidemic profile.
We further assessed the scale of NPIs required to contain the
COVID-19 outbreak for the SCJ religious gathering in South
Korea based on the proposed framework.

Material and methods

Mazu Pilgrimage

Mazu is the sea goddess and one of the main religion and
ideology in southeast coast of China and Taiwan since 18th
century.34 more than 870 temples are dedicated to the
worship for Mazu in Taiwan.37 To celebrate the birthday of
Mazu in the third month of the Chinese lunar calendar
(around April), temples in Taiwan hold religious activities
during this period. The Mazu pilgrimage in Dajia, Taiwan is
one of the largest of celebrations.37,39 This annual mass
religious gathering set off from the home temple of Zhenlan
in Dajia district located in central part of Taiwan with the
route of the nine-day pilgrimage following the path of early
immigrants to Taiwan.37,39 In addition to the pilgrimage
brigades organized by the temple, numerous congregations
and devotees will participate in the pilgrimage and attend
the parade and ritual activities.37,39,40 With the outbreak of
COVID-19, this classical mass religious gathering involved
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with the crowds and long exposure period have raised the
concern over the risk of SARS-CoV-2 transmission.38

The evaluation on the risk of COVID-19 transmission in
Mazu Pilgrimage was started from the estimation on the
imported infectives among the travelers from China. The
proportion of potential infectives imported from China to
Taiwan can be derived by using positive rate among pas-
sengers traveled from China to Taiwan in the 14-day period,
namely 5e18 of March, with the consideration of incubation
and transmission period learned from early epidemic.18 The
number of passengers traveled from China to Taiwan in 14
days prior to Mazu Pilgrimage was around 90,000 (Table
S1).34e40 The number of infectives that may attend Mazu
Pilgrimage can be calculated by using this figure weighted
by the age-specific proportion of the activity reported in
previous studies. Due to the policy of fever screening
implemented in the airport of Taiwan, subjects with body
temperature higher than 37.6 Celsius degree will be iso-
lated and tested for SARS-CoV-241 without having the
chance of attending Mazu Pilgrimage.
External application to the outbreak of SCJ religion
gathering in Korea

The outbreak associated with the SCJ religious gathering
was initiated by the identification of a member of religious
group as a pneumonia case on Feb 17, 2020. This index case
showed typical COVID-19 symptoms on February 9 and
attended the SCJ religious gathering comprising more than
one thousand members regularly during the infectious
period in February. Following the identification of this
COVID-19 case, an extensive surveillance with testing for
SARS-CoV-2 infection was performed for members of this
religious group, which revealed the travel history of a group
of SCJ members around the epicenter of Wuhan for reli-
gious activity since December, 2019 when the spread of
SARS-CoV-2 had already taken place in several communities
of Wuhan.28e32

Fig. 1 illustrates the transmission of SARS-CoV-2 in the
SCJ religious gathering followed by the introduction of
COVID-19 cases stemming from early cases imported from
Wuhan. According to the registered data,42,43 as of Feb 6
there were a total of 23 COVID-19 cases in South Korea
possibly imported from the SCJ religious group infected in
Wuhan, China. Making allowance for a 14-day incubation
period in the early stage of outbreak, these cases were
infected and imported to South Korea around January 20.
The COVID-19 epidemics in the SCJ mass religious gathering
can propagate due to the lack of social distancing and NPIs
and give rise to the second wave of outbreak. The propa-
gation of COVID-19 following the introduction of these initial
cases was estimated on the basis of the basic reproductive
number of 1.7 of Wuhan (accompanying article of this spe-
cial issue) with a generation time of 14 days, which yielded
76 initial cases during one month and further gave rise two
waves of transmission from Feb 11 to 17 and Feb 18 to 24
with 833 total confirmed cases.43

Based on the information on the scenario of the mass SCJ
religious gathering and the associated COVDI-19 cases, we
extend the household transmission model to develop a
density-dependent method transmission model of SARS-CoV-2
S59
for estimating the close contact rate in mass religious gath-
ering delineated the following method section.
NPIs preparedness required to contain COVID-
19 outbreak in mass religious gathering

Mazu Pilgrimage

Fig. 2 (a) shows the risk of COVID-19 transmission in mass
gatherings without NPIs. White spot represents susceptible
subjects and red spot stands for infectives. The orange
circle is the range of close contact with the radius of 1.13 m
with the area covering 4 m2 while the blue circle is the range
with doubled radius (2.26 m) covering the 16 m2. Given the
existence of infectives in this 4 m2 range, close contact with
infectives for attendants occurs and the group covered by
the orange circle is thus at risk of being infected. The more
the number of infectives within this range, the higher the
chance of being infected. The crowdedness reflected by the
number of attendants covered by the orange circle also have
effect on the extent of risk population.

The determinants for disease transmission thus include
the population density (white spots) and the infectives
density (red spots) given the 4 m2 range (orange circle).
Under this context, three types of NPIs including atten-
dance restriction, fever screening, and sequestration for
attendants with elevated risk, can be implemented during
the mass religious gathering to reduce the risk of COVID-19
transmission. The concept of these NPIs and their mecha-
nisms on reducing the risk of COVID-19 transmission are
illustrated in Fig. 2 and detailed as follows.

Social distancing
Fig. 2 (b) shows the effect of attendant restriction on
reducing the risk of COVID-19 transmission. By reducing the
attendants of a mass gathering event, the crowdedness is
reduced so as to reduce the risk of infection (covered by
orange circle). For infectives, similar condition applies. The
reduction in the total number of attendants thus contrib-
utes to bring down the contact rate between susceptibles
and infectives and ultimately results in a lower basic
reproductive number due to mass gathering.

Fever screening
Fig. 2 (c) shows the effect of fever screening in reducing the
risk of COVID-19 transmission. Based on current evidence,
around half of infectives present with the symptom of fever
(body temperature higher than 37.6 Celsius degree). The
measure of body temperature is thus plays an important
role for the identification of potential infectives.47,48

Following this rationale, the number of infectives can be
reduced through fever screening to reduce of force of
COVID-19 transmission in mass gathering events.

Sequestration for high-risk attendants
The risk of being a potential infectives for the attendants
can be assessed by querying for contact history and travel
history. The attendants of mass gathering with positive an-
swers on these questions thus have a higher risk and can be
separated from attendants without these risk exposures to



Figure 1 COVID-19 outbreak in the scenario of the SCJ religious gathering in South Korea.
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reduce the possibility of COVID-19 transmission. Fig. 2 (d)
shows the effect of this sequestration procedure.

The NPIs mentioned above can be combined with other
NPIs to maximize the effect in reducing the COVID-19
transmission during mass gathering events. Fig. 2 (e) shows
this implication. Through the integrated implementation of
social distancing measures, both the densities of population
and infectives are reduced due to restriction of attendants
and fever screening. The risk of transmission was further
reduced through the sequestration of attendants with
elevated risk. Note that the combine use of self-protection
measures such as wearing mask and hand hygiene can
further reduce the transmission probability.

Based on these concepts, a series of NPIs can be
implemented during the mass religious gathering of Mazu
Pilgrimage to reduce the risk of COVID-19 transmission.
These NPIs contribute mainly to a lower contact rate which
can be augmented with the use of self-protection
measures.

External application to SCJ religious gathering

Based on the proposed density-dependent model, the scale
of NPIs required for containing the COVID-19 outbreak in
the SCJ mass religious gathering was assessed. The scenario
for the assessment was referred to the COVID-19 outbreak
associated with SCJ religious gatherings in South Korea
following the cases imported from the epicenter of Wuhan
in January with persistent transmission in mass religious
gathering events up to February 24.28e32 Fig. 3 shows the
steps for the implementation of NPIs for containing SARS-
CoV-2 transmission in the SCJ religious gathering. The so-
cial distancing measures can first be implemented by
reducing the attendants of service. The fever screening can
S60
prevent symptomatic COVID-19 cases from attending the
service. Subjects with higherisk profiles such as the history
of contact or exposure to suspected cases can be seques-
trated form other attendants to reduce the risk of trans-
mission. These approach can thus reduce the density of
religious gathering. The use of mask and hygiene measures
can further reduce the transmission probability. Following
the framework depicted in Fig. 3, the effectiveness of so-
cial distancing and NPIs with different scales in imple-
mentation for containing the SCJ COVID-19 outbreak were
assessed by using the density-dependent COVID-19 trans-
mission model.

Statistical analysis

To assess the preparedness of NPIs for preventing COVID-19
spreading during the Mazu Pilgrimage and mass SCJ gath-
ering we applied the density-dependent close contact
measurement for the types of involved activities following
the dynamic of infectious disease transmission guided by
reproductive number (R). By using the density approach
with a defined range of close contact, the main concern for
the drive of disease transmission during mass gathering can
be captured. The development on methods for assessing
the transmission force for the Mazu Pilgrimage following by
the validation using SCJ gathering are detailed as follows.

Population density during the Mazu Pilgrimage

Regarding the scenario of Mazu pilgrimage, Table 1 sum-
marizes the itinerary during the 9-day period of mass reli-
gious gathering. The activities can be categorized into four
types: parade, dinning, sleeping, and religious ritual, ac-
cording to the information provided from the official website



Figure 2 Concept of containing the speared of COVID-19 in mass gathering with NPIs. (a) Without NPIs. (b) Social distancing. (c)
Fever screening. (d) Sequestration for high-risk subjects. (e) Social distancing and NPIs of fever screen and sequestration for

high risk subjects.
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Figure 3 Social distancing and NPIs for preventing COVID-19 outbreak in the SCJ religious gathering in South Korea.

Table 1 Itinerary of a classical mass religious gathering of Mazu Pilgrimage in Taiwan.22e28

Activity Durationa

(hours)
Estimated number
of attendants

Notes

Parade 144 2,000,000 During the 9-day activity, a total 347 km route will be covered
Dining 8 15,000 The lunch and dinner will be provided by temples and believers
Sleeping 24 7000 The area for sleeping will be provided by temple and local institutes

such as school and administrative offices
Religious ritual 40 28,000 Ten activities hold in temple will be included as part of the pilgrim

a Total duration of the Mazu pilgrimage: 216 hours.
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with the cross-validation by using the web-based informa-
tion and the reports of previous studies,35e40,43 the duration
and the number of attendants of each type of activity can be
obtained, which was further used for the derivation of the
population density.44

As a measurement of close contact for the transmission
to occur, the population density was further transformed
into the measurement of 4 m2 unit. Based on this close-
contact unite, we further developed a unit-day measure-
ment refereeing to the duration of activities listed in Table
1 to take into account the exposure period due to attending
each type of activity (Table S2). On the basis of this infor-
mation, the density of infectives for each type of activities
can be calculated for the Mazu Pilgrimage.

Transmission probability of close contact

The probability of SARS-CoV-2 transmission due to the close
contact in mass religious gatherings was derived by using the
empirical data with household information reported by the
Central Epidemic Command Center (CECC)5 which was also
cross validated from the web-based information for the
household size. The probability of COVID-19 transmission in
S62
the context of household contact with the saturated trans-
mission model (Greenwood transmission model45,46) was
applied. Following the methodology used in the accompa-
nying article of this special issue, we applied the household
transmission model to estimating the transmission probabil-
ity with close contact in 4 m2 unit during religious gathering.

Estimating the secondary cases associated with
mass religious gathering

Following the principle of basic reproductive number in
conjunction with the scenarios of Mazu Pilgrimage with a
variety of types of mass gathering, the secondary cases
resulting from the effective contact between infectives and
susceptibles can be derived. Specifically, given the type of
mass gathering (parade, dinning, sleeping, and religious
ritual), the contact rate is proportion to the density of sus-
ceptibles and infectives which were both derived from the
information summarized above. To take into account the
time scale for each type of close contact between infectives
and susceptibles, the contact density was further weighted
by the 4 m2 unit-day during the entire itinerary of Mazu
Pilgrimage. Given a specified type of activity, the derivation
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for the number of secondary cases (rs) can then be repre-
sented as follows.

rs Z ds#di#utc#p,

where ds is the density of susceptibles and di is density of
infectives calculated as above. utc represents the total
number of close contact unite (the 4 m2 range) occurred
throughout the itinerary of Mazu Pilgrimage. For the deri-
vation of secondary cases resulting from a type of activity,
the effective contact was estimated by incorporating the
daily transmission probability (p). The basic reproductive
number was derived by using the ratio of the secondary
cases to the initial infectives introduced into the activities
of mass religious gathering. A Bayesian MCMC method was
adopted for the derivation of 95% credible intervals for the
estimated results on the number of secondary cases and the
basic reproductive numbers.

External validation by the SCJ gathering

Based on the available information, the SCJ mass religious
gathering involved as much as 2000 members hold in modern
buildings for service activity. We thus assumed the area of
496 m2 (150 pyeong in South Korea unit of measurement) as
the area of mass gathering, which can be packed as much as
1000 members. Under this scenario, around 8 subjects will
be packed in the area of 4 m2. Two such sites for the reli-
gious gathering sites were used in assessing the SARS-CoV-2
spreading during SCJ religious activities. The duration of
contact in the SCJ gathering were estimated on the basis of
6 services per week with the duration of 4 h for each ser-
vice, which gives the contact duration of one day per week.

Following the density-dependent method detailed above
in conjunction with the 4 m2 unit measurement of close
contact and the total number of infectives that may attend
the SCJ mass religious gathering, the density of infectives for
the SCJ gathering was estimated. The proposed method was
then validated by comparing the expected number of COVID-
19 cases and that was reported from registry data.42,43

Result

Transmission probability of close contact during
mass religious gathering

The probability of COVID-19 transmission with the satu-
rated transmission model (Greenwood transmission
model45,46) was estimated as 33.5 (95% CI: 17.8e49.3%). By
applying an exponential transmission function with a 7-day
infectious period, the daily transmission probability was
thus estimated as 5.84 (95% CI: 2.45e9.22%).

Estimating the secondary cases and reproductive
number in mass religious gathering without NPIs

Mazu Pilgrimage
After application of close contact probability to population
density for deriving secondary cases, Table 2 shows the
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estimated results on the number of secondary cases
resulting from the close contacts during the mass religious
gathering of Mazu Pilgrimage. Table 2 also lists the esti-
mated results on the density of susceptibles and infectives
measured by a 4 m2 unit-day for each type of activities in
the Mazu pilgrimage. The first column of Table 2 lists the
densities of close contact based on the 4 m2 range and the
number of attendants. The average number of attendants
within the 4 m2 range were estimated as 2.9, 10, 2, and
11.6 for the activity of parade, dinning, sleeping, and
religious ritual, respectively.

Based on the COVID-19 epidemic during the early period
before the Wuhan lockdown, the basic reproductive number
was estimated as 1.7. The positive rate during the period
was estimated as 6% given the case fatality rate of 8.5%
derived from published article.47 This figure, together with
the estimated number of 92,500 travelers from China (Table
S1) with the consideration of age distribution of attendants
(Table S3) and the potential of disease transmission in the
14-day period, gives the total of 540 infectives that may
attend the Mazu Pilgrimage. This number of infectives
attending the Mazu Pilgrimage results in the infective den-
sity per 4 m2 of 0.025, 0.36, 0.15, and 0.22 for the activity of
parade, dinning, sleeping, and religious ritual, respectively
(Table 2, Second column).

Summarizing the components of contact between in-
fectives and susceptibles, the total unit-day of close contact,
and the probability of COVID-19 transmission due to close
contact (5.84% per day) by using the density-dependent
transmission model, the estimated number of secondary
cases resulting from parade, dinning, sleeping, and religious
ritual were 728 (95% CI: 435e1051), 105 (95% CI: 63e152), 63
(95% CI: 38e91), and 611 (95% CI: 365e882), respectively.
The total secondary cases during the 9-day itinerary of Mazu
Pilgrimage was thus estimated as 1508 (95% CI: 900e2176),
which gives the basic reproductive number of 2.79 (95% CI:
1.66e4.02).

External applications to mass SCJ gathering
Following the household transmission probability esti-
mated from Taiwan, we estimated the close contact
probability in the SCJ gathering by fitting the population
density and dynamic susceptibles (decreasing with time)
with 883 COVID-19 among 1016 members receiving RT-PCR
test based on the non-significant (c2 Z 3.29, P Z 0.07)
difference between the expected (887) and observed (833)
COVID-19 cases in the SCJ outbreak. The average trans-
mission probability (in day) due to close contact was 19.4%
(95% CI: 17.5e21.3, Fig. 1), which was around three times
higher than that based on close contact of household
transmission in Taiwan.

Based on 887 secondary cases (95% CI: 824e947), the
overall basic reproductive number was estimated as 3.00
(95% CI: 2.97e3.02). By dividing the period into two weeks,
the number of secondary case was 232 (95% CI: 210e255)
and 579 (95% CI: 539e617) with the basic reproductive
number of 6.02 (95% CI: 5.44e6.62) and 2.50 (95% CI:
2.42e2.57) for the first (February 11 to February 17), and
second (February 18 to February 24) wave of the SCJ
outbreak, respectively (Fig. 1).



Table 2 Estimated number of secondary case results from the mass religious gathering.

Activity Population Density
(per 4 m2)

Infective Density
(per 4 m2)

Total
unit-daya

Transmission
probability (%)

Estimated number of secondary
cases during the MZ pilgrimage

Estimates 95% CI

Parade 2.9 0.025 173,500 5.84 728 (435,1051)
Dinning 10 0.36 500 105 (63,152)
Sleeping 2 0.15 3500 63 (38,91)
Religious ritual 11.6 0.22 4002 611 (365,882)

Overall e e e e 1508 (900,2176)
a Basic reproductive number: 2.79 (1.66e4.02).
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NPIs preparedness for preventing COVID-19
outbreak in Mazu Pilgrimage

Based on the estimated results on the total of 1508 sec-
ondary cases resulting from the Mazu Pilgrimage, we
explore the efficacy on the implementation of a series of
NPIs including social distancing, fever screening, seques-
tration for high risk attendants, and personal protective
measures in reducing the secondary cases and also the
reproductive number with the results shown in Fig. 4 and
Table S4.

Effectiveness of social distancing
By the social distancing measure of reducing the number of
attendants, the density of attendants is decreased so as the
number of subjects exposed to infectives in the 4 m2 range
of close contact. With the attendants reducing as much as
40%, the number of secondary cases were decreased by 526
(95% CI: -228-1250), from 1508 to 975 (95% CI: 594e1401,
Table S4). Fig. 4 (a) shows the corresponding results on the
reproductive number, which decreased from 2.79 to 1.80
(95% CI: 1.10e2.59). For the scenario with 10% reduction in
attendant, the efficacy of this social distancing measure
diminished with the reproductive number of 2.55 (95% CI:
1.55e3.66, Fig. 4 (a) and Table S4). Note that even at the
scenario of reducing the attendant by 40%, the reproduc-
tive number is still larger than 1, indicating the outbreak of
COVID-19 cannot be prevented by the social distancing
measure.

Effectiveness of overall NPIs
For effective prevention of outbreak in Mazu pilgrimage,
the social distancing can be incorporated with other NPIs.
Fig. 4 (b) shows the estimated results of the preparedness
of NPIs on the reproductive number in Mazu pilgrimage.
Given a 30% social distancing, the combining use of other
NPIs (fever screening, sequestration of high risk attendants,
and waring mask) with the implementation scale of 60% can
bring down the number of secondary cases from 1508 to 469
(95% CI: 286e681, Table S4) and a reproductive number less
than one (0.87, 95% CI: 0.53e1.26, Fig. 4 (b) and Table S4).
The number of secondary cases averted was estimated as
1032 (95% CI: 375e1689). With the enhanced implementa-
tion of 80% NPIs, the secondary cases were estimated as 294
(95% CI: 169e420, Table S4) with the reproductive number
of 0.54 (95% CI: 0.31e0.78, Fig. 4 (b) and Table S4). A total
of 1208 (95% CI: 576e1850) secondary cases will be averted
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under this scale of implementation for NPIs. Note that given
30% social distancing, it still requires 80% NPIs to prevent
COVID-19 outbreak in the Mazu pilgrimage (Fig. 4 (b) and
Table S4).

Table S4 also lists the details on the effectiveness of
each of the NPIs including fever screening, sequestrating
high risk attendants, and the personal preventive measures
of wearing mask to prevent COVID-19 outbreak in the mass
religious gathering of Mazu pilgrimage. With the 100%
implementation, the NPIs of fever screening, sequestration
of high risk attendants, and waring mask will bring down
the reproductive number to 1.40 (95% CI: 0.82e2.02), 0.74
(95% CI: 0.43e1.09), and 1.51 (95% CI: 0.87e2.22),
respectively. These results suggest that the use of single
NPI will not be able to prevent COVID-19 outbreak in the
Mazu pilgrimage.
Estimated effectiveness of NPIs for containing the
outbreak in SCJ mass religious gathering in South
Korea

Based on this result, we were able to assess the social
distancing and NPIs (Fig. 3) required for containing the SCJ
outbreak. Fig. 5 shows the estimated results on the effec-
tiveness of applying social distancing in conjunction with
NPIs on the reproductive number. With a higher social
distancing from none to 50% and 70%, the reproductive
number can be reduced to 2.50 (95% CI: 2.36e2.60) and
1.50 (95% CI: 1.40e1.61), respectively (Fig. 5 and Table S5).
To further bring down the reproductive number to less than
one, the incorporation of other NPIs is required. Details on
the estimated results on the reproductive number and
COVID-19 cases associated with different scales of the
implementation of NPIs were listed in Table S5.

As a minimum requirement for keeping the reproductive
number at one, 50% social distancing (reduce the atten-
dants by 50%) and 80% NPIs (fever screening, sequestration
of high-risk subjects, and wearing mask) should be imple-
mented (R Z 1.02, 95% CI: 0.87e1.17, Fig. 5 and Table S5)
for the SCJ mass religious gathering. To contain the
outbreak with certainty by maintaining a reproductive
number less than one, a complete (100%) implementation
of NPIs with 50% social distancing (R Z 0.66, 95% CI:
0.51e0.79) or 80% implementation of NPIs with 70% social
distancing (R Z 0.65, 95% CI; 0.56e0.75, Fig. 5 and Table
S5) is required.



Figure 4 Estimated results on basic reproductive number (R0) by scale of social distancing and NPIs. (a) Social distancing. (b)
Social distancing and NPIs.
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Discussion

For the safety of the engagement of mass religious gath-
ering in the face of COVID-19 pandemic, it is imperative to
control the basic reproductive number lower than one so as
to prevent COVID-19 outbreak. By using the narrative study
to decompose the activities of Mazu Pilgrimage, we
demonstrated that through the integrated social distancing
approach including the restriction of attendants (30%),
fever screening (60%), and sequestration of high risk at-
tendants (60%) combining with the use of personal
S65
protective measures (60%), the number of secondary cases
can be substantially reduced from 1508 to 469 with a basic
reproductive number of 0.87. The preparedness assess-
ment for the Mazu pilgrimage shows a strict implementa-
tion of NPIs (80%) will be required to prevent the COVID-19
outbreak given a 30% social distancing.

Following the mechanism of disease transmission guided
by basic reproductive number, we evaluated the effective-
ness of a series of NPIs for reducing the number of secondary
cases due to mass religious gathering events. The pre-
paredness of NPIs for containing and preventing COVID-19



Figure 5 Estimated results of the NPIs on reproductive number required for containing the COVID-19 outbreak in the SCJ mass
religious gathering in South Korea.
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outbreak in mass religious gathering was assessed based on
the Mazu pilgrimage and the SCJ religious gathering. For the
SCJ mass religious gathering, the R0 was estimated as 3.00
(95% CI: 2.97e3.02). The implementation of 70% social
distancing and 80% NPIs was required for containing the
COVID-19 outbreak in the SCJ mass religious gathering with a
reduced reproductive number of 0.65 (95% CI: 0.56e0.75).

During the first pandemic period of COVID-19 up to Jun,
2020, a series of NPIs including social distancing and fever
screening, and the personal protective measures such as
wearing mask have been implemented in most of countries.
One of the social distancing measures adopted by many
countries in the early phase of COVID-19 is the closure of
schools and day-care centers. The ban on mass gathering,
especially for religious events was also announced in most of
countries soon after a series of COVID-19 outbreaks associ-
ated with clustered events.21,33,49 The clustered outbreaks
with large number of secondary cases had been reported in
several mass religious gatherings and was associated with
the amplification of COVID-19 pandemic in countries such as
Iran, Korea, Malaysia, and USA.23,28e32,42,50e52

Although the physical contact between infectives and
susceptibles can be reduced by the ban on mass religious
gathering and the transmission force can be reduced to
reach the aim of containing COVID-19 outbreak, these
measures results in great impact in religious and societal
aspect. Furthermore, the risk of COVID-19 transmission and
the preparedness of NPIs required to prevent COVID-19
outbreak in the scenarios of mass religious gathering have
not been quantified. By using the empirical report of the
SCJ outbreak in South Korea.,27e30,53e55 our results not only
quantify the risk of COVID-19 spread in mass religious
gathering but also provide insight into the preparedness of
NPIs required to prevent the outbreak for the scenarios of
Mazu pilgrimage in Taiwan.

Mazu Pilgrimage is one of the most important mass reli-
gious gathering in Taiwan which is held at annual basis. It
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involves a variety of activities including parade, dining,
sleeping and religious ritual have mass gathering of people.
Due to its highly integrated nature in terms of societal, cul-
tural, religious, and economical aspect, such a mass religious
gathering attracts millions of attendants during its well-
designed nine-day course. During the COVID-19 pandemic,
the Mazu Pilgrimage was postponed under the consideration
of the risk of clustered outbreak. Although the decision may
contribute to the containment of COVID-19 outbreak in
Taiwan, its efficacy has not been addressed. Furthermore,
possible social distancing measures that may play the role for
the sustained engagement of this important mass religious
gathering have not yet had the chance to be explored.

Following these evidence, the assessment for the risk of
outbreak should take place at the planning stage for the
engagement of mass gathering with the consideration of
types and density of close contact. Based on the risk level
of outbreak indicated by the number of secondary cases
and basic reproductive number, the scale and approaches
of social distancing measures can then be implemented to
avoid the clustered event of COVID-19 outbreak seen in
mass gathering globally.18 The estimated results on the
number of secondary cases can also shed light on the pre-
paredness in medical capacity required to cope with the
potential infectives resulting from a mass gathering, which
should be part of the planning for mass gathering in the era
of COVID-19 pandemic. Note that the absolute medical
needs indicated by the number of secondary cases can be
overwhelming in relative to the local medical capacity even
with a basic reproductive number lower than one. These
two indicators thus provide a thorough guidance for the risk
of outbreak which should be included in the planning of
mass gathering event.

In conclusion, the proposed density-dependent approach
with the consideration of the types and duration of close
contact that may encountered in mass religious gathering
provides a practical guidance for the assessment of the risk
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of COVID-19 transmission for mass gathering engagement.
On the basis of this assessment, we demonstrated how to
quantify the social distancing measures and the scale of
implementation required for the containment of COVID-19
transmission in the examples of Mazu Pilgrimage and SCJ
religious gathering.
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