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A B S T R A C T   

The 2020 Olympic/Paralympic Games have been postponed to 2021, due to the COVID-19 pandemic. We 
developed a model that integrated source–environment–receptor pathways to evaluate how preventive efforts 
can reduce the infection risk among spectators at the opening ceremony of Tokyo Olympic Games. We simulated 
viral loads of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emitted from infectors through 
talking/coughing/sneezing and modeled temporal environmental behaviors, including virus inactivation and 
transfer. We performed Monte Carlo simulations to estimate the expected number of newly infected individuals 
with and without preventive measures, yielding the crude probability of a spectator being an infector among the 
60,000 people expected to attend the opening ceremony. Two indicators, i.e., the expected number of newly 
infected individuals and the newly infected individuals per infector entry, were proposed to demonstrate the 
extent of achievable infection risk reduction levels by implementing possible preventive measures. A no- 
prevention scenario produced 1.5–1.7 newly infected individuals per infector entry, whereas a combination of 
cooperative preventive measures by organizers and the spectators achieved a 99% risk reduction, corresponding 
to 0.009–0.012 newly infected individuals per infector entry. The expected number of newly infected individuals 
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was calculated as 0.005 for the combination of cooperative preventive scenarios with the crude probability of a 
spectator being an infector of 1 × 10− 5. Based on our estimates, a combination of cooperative preventions be
tween organizers and spectators is required to prevent a viral spread at the Tokyo Olympic/Paralympic Games. 
Further, under the assumption that society accepts < 10 newly infected persons traced to events held during the 
entire Olympic/Paralympic Games, we propose a crude probability of infectors of < 5 × 10− 5 as a benchmark for 
the suppression of the infection. This is the first study to develop a model that can assess the infection risk among 
spectators due to exposure pathways at a mass gathering event.   

1. Introduction 

The global coronavirus disease 2019 (COVID-19) pandemic caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 
inflicted negative impacts on health and tremendous losses of human 
lives, with over 110 million confirmed cases and 2.4 million deaths (as of 
February 21, 2021) (World Health Organization, 2021). Since mass 
gathering events are regarded as key routes of spread and virus out
breaks (James et al., 2020; Walker et al., 2020), mandatory or voluntary 
bans and postponement have been implemented. Other measures to 
prevent the spread include physical distancing, mandatory face-mask 
wearing, and lockdown of cities (Agarwal and Sunitha, 2020; Jüni 
et al., 2020). Apart from times of war, the one-year-postponement of the 
Tokyo 2020 Olympic/Paralympic Games is unprecedented in the history 
of the Olympic Games. Considering the current global COVID-19 situa
tion, the Tokyo Olympic/Paralympic Games may not take place even in 
July 2021. 

Decision making for holding mass gathering events, including the 
Olympic Games, can be addressed using a risk-based approach 
(McCloskey et al., 2020) with the preventive measures recognized to 
minimize the associated infection risks (Tam et al., 2012). Here, we 
propose an evaluation of the risk of mass gathering events, such as the 
Olympic Games, beyond “problem-focused thinking” by assessing the 
preventive and control measures based on the “solution-focused risk 
assessment” concept (Finkel, 2011). Sound and timely quantitative risk 
assessment can be based on available scientific data and up-to-date 
COVID-19-statistics. 

Infection risk models include the susceptible–infected–recovered 
(SIR) model, which evaluates temporal changes in infection risks in a 
population, and the environmental exposure model, which integrates 
pertinent source–environment–receptor pathways. While the SIR model 
is useful for evaluating public policies, such as quarantines, related to 
the time course of a pandemic (Roda et al., 2020), the environmental 
exposure model can assess the infection risks from individual pathways, 
including direct exposure through droplet spray and inhalation of 
inspirable particles, and indirect transmission over contaminated sur
faces and objects (Jones, 2020; Nicas and Sun, 2006). Nicas and Jones 
(2009) adapted the environmental exposure model to assess the relative 
contributions of the exposure pathways to influenza infection risk in the 
context of a healthcare worker attending a patient. Jones (2020) also 
adapted the model to assess the relative contributions of transmission 
routes for COVID-19 among healthcare personnel. Zhang and Li (2018) 
expanded the environmental exposure model to assess influenza infec
tion risks between 1 infector and 37 non-infectors. Although some 
studies have used environmental exposure models to assess the risk of 
COVID-19 in healthcare environments (Jones, 2020; Mizukoshi et al., 
2021), there are no examples of models that have been extended to cover 
mass gathering events. Such models are needed to enable assessment of 
the infection risk assessment and the effects of preventive measures. 

Herein, we developed an environmental exposure model to assess the 
COVID-19 infection risks for spectators at a mass gathering event and 
evaluated the effectiveness of potential preventive measures for 
reducing infection risks. Here, we used the opening ceremony of the 
Tokyo 2020 Olympics as an example of a mass gathering event; how
ever, the model developed can be applied to assess spectators’ risk of 
infection at mass gathering events in general. We assessed the expected 

number of newly infected individuals with and without prevention using 
the crude probability of a spectator being an infector (P0). We demon
strated the extent of achievable levels of infection risk reduction by 
implementing potential preventive measures. 

2. Methods 

2.1. Base scenarios 

In this study, we evaluated the infection risk in scenarios both with 
and without preventive measures applied. The base scenarios (i.e., 
scenarios without preventive measures) were unrealistic; however, they 
were used to quantitatively assess the effectiveness of preventive mea
sures by comparing the risk of infection with and without the applica
tion of such measures. 

We simulated loads of SARS-CoV-2 emitted from asymptomatic in
fectors by talking/coughing/sneezing, modeled temporal environmental 
behavior including virus inactivation and transfer, and estimated the 
expected infection risks among the spectators attending the opening 
ceremony of the Olympic Games (Fig. 1). Infectors generally consist of 
symptomatic and asymptomatic individuals. However, because symp
tomatic infectors are either identified by testing or their symptoms 
prevent them from coming to the venue, only asymptomatic infectors 
were considered as participants in the opening ceremony. The number of 
spectators was assumed to be 60,000, based on the existing execution 
plan of the ceremony (Japan Sport Council, 2020). Data on facilities also 
came from the Japan National Stadium, which is scheduled to host the 
opening ceremony of the Tokyo Olympic Games (Japan Sport Council, 
2019; 2013; 2014). We assumed that all non-infectors were susceptible 
to SARS-CoV-2. 

We set the crude probability of a spectator being an infector (P0) with 
given scenarios of 1 × 10− 6, 5 × 10− 6, 1 × 10− 5, 5 × 10− 5, and 1 × 10− 4, 
with P0 representing the prevalence of an infector among spectators. The 
prevalence of infectors can be approximated by the product of the daily 
incidence rate of infectors (I0) and the number of days with infectivity 
(Gordis, 2014). Symptomatic individuals experience 2.3 days of infec
tivity before symptom onset and 7 days of infectivity after symptom 
onsets (He et al., 2020b). Thus, the total number of days of infectivity is 
9.3, regardless of whether the individual is asymptomatic or symptom
atic. The ratio of the number of asymptomatic infected individuals to the 
number of all infected individuals (Rateasym) is 46% (He et al., 2020a). 
Therefore, P0 can be expressed by the function in eq. 1. 

P0 = I0 × 0.54 × 2.3 + I0 × 0.46 × 9.3 (1) 

The P0 of 1 × 10− 6, 5 × 10− 6, 1 × 10− 5, 5 × 10− 5, and 1 × 10− 4 

corresponds to the I0 of 1.8 × 10− 7, 9.1 × 10− 7, 1.8 × 10− 6, 9.1 × 10− 6, 
and 1.8 × 10− 5 infected individuals per day, respectively. 

For example, if P0 is 10− 4 and there are 60,000 spectators, the ex
pected number of infectors is 6, but in reality, the number of infectors 
and the probability of their entry are calculated according to the bino
mial theorem. Therefore, we estimated the probability that the number 
of infectors participating in the ceremony is m (P1_m) from P0, the 
number of spectators (n = 60,000), and the binomial distribution as in 
eq. 2 (Table S1). 

P1 m = nCm × P0
m × (1 − P0)

n− m (2) 
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P1_m was calculated as the number of m=l, if P1_m was > 10− 3, and then 
other residual probabilities were apportioned into P1_l+1. The number of 
infectors who participated in the ceremony of the Tokyo Olympic Games 
was considered to follow the probabilities shown in Table S1. 

2.2. Environmental exposure model 

We developed an environmental exposure model by referring to 
previous studies (Jones, 2020; Nicas and Jones, 2009; Nicas and Sun, 
2006; Zhang and Li, 2018) (Fig. 1). We considered the following four 
pathways. Persons close to an infector were exposed through talking, 
coughs, and sneezes. The exposure pathways consisted of direct expo
sure through (1) droplet spray and (2) inhalation of inspirable particles. 
We assumed a surface area of 10,000 cm2, where the virus was deposited 
near the infector (Nicas and Sun, 2006). Deposited surfaces included 
environmental surfaces and the hair of persons sitting immediately in 
front of the infector in the stands. Deposited viruses were partly inac
tivated and also transferred to the fingers of other persons, eventually 
raising the (3) risk of hand-to-face contact exposure contaminating 
mucous surfaces. A minor portion (10− 6) (Nicas and Sun, 2006) of the 
emitted viruses were attached to particles dispersed in air and were 
partly lost through air exchange, deposition, and inactivation processes. 
Persons were exposed to viruses through (4) inhalation of respirable 
particles. 

The ceremony of the Olympic Games is expected to last for 3 h. An 
infector was assumed to behave as follows during waiting times, in 
addition to ceremony viewing. The infector would spend 15 min waiting 
at the concourses to enter, 15 min in the restroom, 15 min at conces
sions, 240 min in the stands, and 15 min to exit at the concourses. The 
infector was assumed to be accompanied by two persons who were not 
infected. These three persons stayed together in line at the concourses 
(for entry and exit) and in the stands. During the 15 min stay in the 
restroom, the infector spent 13 min waiting and 2 min in a toilet 

(Nakagawa et al., 2008). At concessions, the infector spent 14 min 
waiting and 1 min ordering. In the stands, each accompanier had a seat 
on either side of the infector. 

Considering the human behavior and environmental pathways 
above, we classified exposed persons into five categories: (1) accom
paniers of the infector, (2) persons sitting immediately in front of the 
infector in the stands, (3) persons exposed in restrooms, (4) persons 
exposed in concessions, and (5) others. We estimated the expected 
infection risks and the corresponding number of infected individuals for 
each category and calculated the overall infection risks. The initial virus 
densities in the air and on surface materials (i.e., the densities before the 
ceremony) were assumed to be null. All the model parameters are listed 
in Table S2. 

2.3. Virus emission 

We set the SARS-CoV-2 RNA concentrations in saliva as the arith
metic mean of 2.6 × 107 copies/mL (standard deviation: 4.1 × 107 

copies/mL), according to a clinical report that quantified SARS-CoV-2 
RNA in saliva using reverse transcription-quantitative PCR (To et al., 
2020). We assumed that the SARS-CoV-2 RNA concentrations in saliva 
follow a log-normal distribution. The viral viability ratio, defined as the 
ratio of the number of viable virus particles to that of viral RNA copies in 
saliva, was set as 0.1 plaque-forming unit (PFU)/copy because the ratio 
of the median tissue culture infectious dose (TCID50) to the viral RNA 
copies in the saliva of ferrets was 0.15 (Kim et al., 2020) and the ratio of 
PFU to TCID50 was 0.7 (Covés-Datson et al., 2020). The product of 0.15 
and 0.7 was rounded to 0.1. 

SARS-CoV-2 can be spread through talking, coughing, and sneezing. 
Previous studies (Nicas and Jones, 2009; Nicas and Sun, 2006) divided 
particles with an aerodynamic diameter of 100 or 150 μm into small and 
large particles as the source of inhalation of inspirable particles and 
droplet spray, respectively. However, a recent study showed that 12–21 

Fig. 1. The exposure pathway model at the opening ceremony of the Tokyo Olympic Games. Arrows (→) indicate the directions of virus transmission between 
humans and environmental media. Dashed boxes show exposure pathways: (1) droplet spray, (2) inhalation of inspirable particles, (3) hand contact, and (4) 
inhalation of respirable particles. Text in italics shows seven preventive measures: (a) physical distancing among the spectators at entrances and exits, (b) decon
tamination of surfaces in concessions, (c) enhanced stadium air ventilation, (d) partitioning of spectators in the stands, (e) mandatory face masks at concourses, 
restrooms, and concessions, (f) hand washing with soap in restrooms, and (g) wearing hats or other headwear in the stands. 
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μm particles, prior to dehydration, could cause droplet spray (Stadnyt
skyi et al., 2020). This indicates that the size classification of 100 or 150 
μm used in previous studies (Nicas and Jones, 2009; Nicas and Sun, 
2006) could underestimate droplet exposure and overestimate inhala
tion of inspirable particles. We therefore followed a previous study 
(Zhang and Li, 2018) and divided saliva particles into small particles 
(with an aerodynamic diameter of < 10 μm) and large particles (> 10 
μm) as sources of inspirable particles and droplet spray, respectively. 
The saliva volume in small particles was 8.82 × 10− 8 mL for 1 min of 
talking, 1.65 × 10− 7 mL for one coughing event, and 1.27 × 10− 6 mL for 
one sneezing event (Zhang and Li, 2018). The saliva volume in large 
particles was 3.09 × 10− 3 mL for 1 min of talking, 6.15 × 10− 3 mL for 
one coughing event, and 4.75 × 10− 2 mL for one sneezing event (Zhang 
and Li, 2018). 

We considered whether a virus emission event occurred in a given 1- 
min-time window. We assumed that infectors talked, coughed, and 
sneezed independently as events of virus emission. The probability of 
talking for 1 min was set at 0.2, estimated from an observation of sports 
viewing where four persons talked 30,725 Japanese characters in 1 h 33 
min 29 sec (Sumino et al., 2010) and an assumption that 1 min of talking 
corresponds to 400 Japanese characters. We assumed that the proba
bility of talking for one minute was the same for non-Japanese people. 
We assumed that the infectors do not talk in the restrooms or while 
waiting at concessions but only for 1 min when they placed an order at 
concessions. 

The cough probability per min for asymptomatic infectors was 0.013 
(a value for healthy persons (Yousaf et al., 2013)). The sneeze proba
bility per min for asymptomatic infectors was assumed to be 0.0057, 
which was estimated from the sneeze probability for symptomatic in
fectors and the ratio of cough probability between asymptomatic and 
symptomatic infectors (Chen and Liao, 2010; Yousaf et al., 2013; Zhang 
and Li, 2018). 

2.4. Infection risk (base scenarios) 

2.4.1. Accompaniers of infectors 
Exposure pathways for accompaniers of infectors include (1) droplet 

spray, (2) inhalation of inspirable particles, (3) hand contact, and (4) 
inhalation of respirable particles. The number of accompanying persons 
per infector was 2, as described above.  

(1) Droplet spray 

The persons were directly exposed to SARS-CoV-2 in large particles 
via droplet spray. We assumed that the probability that an infector 
talked/coughed/sneezed near an accompanier at the concourses (Pi_a_c) 
was 50% and that the probability that an accompanier looked at an 
infector when the infector talked/coughed/sneezed to the accompanier 
(Pa_i_c) was 50%. Similarly, we assumed that these probabilities in the 
stands (Pi_a_s and Pa_i_s) were 25% and 50%, respectively. Namely, in the 
stands, an infector talked/coughed/sneezed toward an accompanier on 
the right or left at a probability of 25% each, and forward at a proba
bility of 50% (Pi_f_s). We considered that droplet spray exposure could 
occur when an infector talked/coughed/sneezed toward an accom
panier and when an accompanier looked at the infector. Large particles 
were assumed to spread as a three-dimensional cone with a 60◦ angle 
(Nicas and Jones, 2009; Nicas and Sun, 2006), and the physical distance 
between an infector and an accompanier at the concourses and in the 
stands was set at 0.5 m (Japan Sport Council, 2014). The area of the 
droplet spray that spread to an accompanier was therefore estimated to 
be 2.6 × 10− 1 m2. Since the area of facial mucous tissue (i.e., lips, eyes, 
and nostrils) is 1.5 × 10− 3 m2 (Nicas and Jones, 2009; Nicas and Sun, 
2006), the number of SARS-CoV-2 particles transmitted in a droplet 
spray that strikes any mucous surface was considered to be 5.7 × 10− 3. 
Doses from droplet spray exposure (D1_drop (t) [PFU]) were estimated as 
in eq. 3. 

D1 drop(t) = 5.7 × 10− 3 × V1 l(t) (3)  

where V1_l (t) represented the number of emitted viable SARS-CoV-2 in 
large particles sprayed toward an accompanier of an infector at time t 
[PFU].   

(2) Inhalation of inspirable particles 

The pathway of inhaling inspirable particles was considered ac
cording to previous studies (Nicas and Sun, 2006; Nicas and Jones, 
2009; Jones, 2020; (Mizukoshi et al., 2021). This pathway involves an 
exposure in which a person in the vicinity of an infector directly inhales 
the virus attached to small particles immediately after those particles are 
emitted by the infector. We assumed that exposure through inhalation of 
inspirable particles could occur when an infector talk
ed/coughed/sneezed toward an accompanier. We considered that this 
process could occur even when the accompanier did not look directly at 
the infector. The virus was assumed to spread as a three-dimensional 
cone with a 60◦ angle, similar to the droplet spray exposure and previ
ous studies (Nicas and Jones, 2009; Nicas and Sun, 2006). The accom
panier was exposed to 1.5 × 10− 2 of emitted viruses in small particles 
spread forward to the accompanier, based on the air cone volume (4.4 ×
10− 2 m3 at a distance of 0.5 m), volume per breath (1.3 × 10− 3 m3; 
estimated from a breath rate of 0.02 m3/min and a breath frequency of 
15 min− 1) and inhaled only 50% of the exhaled particles (Nicas and 
Jones, 2009; Nicas and Sun, 2006). Doses from exposure through 
inhalation of inspirable particles (D1_insp (t) [PFU]) were estimated using 
eq. 4. 

D1 insp(t) = 1.5 × 10− 2 × V1 s(t) (4)  

where V1_s (t) was the amount of emitted viable virus in small particles 
spread forward to an accompanier of an infector at time t [PFU].  

(3) Hand contact 

SARS-CoV-2 contained in small and large particles was considered to 
settle onto a surface area of 10,000 cm2 near an infector. We considered 
that surfaces in proximity to an accompanier were contaminated when 
an infector talked/coughed/sneezed toward the accompanier in the 
stands. Of the deposited viruses, 50% were apportioned to textile and 
non-textile materials, respectively. The probability that an accompanier 
touched a contaminated surface in the stands was assumed to be 0.05 
per min for textile surfaces and 0.1 per min for non-textile surfaces. The 
probability of facial mucosal membrane touch was 1.6 × 10− 1 per min 
based on the observation of 26 persons who collectively touched facial 
mucosal membranes unconsciously 1024 times in 4 h (Kwok et al., 
2015). 

Virus transfer efficiencies from textile and non-textile surfaces to 
fingers were 2.5 × 10− 3 and 7.9 × 10− 2 per touch event, respectively, 
which were adapted from a study determining the transfer efficiencies of 
influenza A virus from paper tissues and stainless steel, respectively 
(Nicas and Jones, 2009). Based on the deposition areas (total of 10,000 
cm2; 50% each for textile surfaces and non-textile surfaces), five 
fingertip areas (10 cm2) (Nicas and Sun, 2006), and the virus transfer 
efficiency (2.5 × 10− 3 for textile surfaces and 7.9 × 10− 2 for non-textile 
surfaces), virus transfer rate from surfaces in the stands to fingers per 
touch event was 5.0 × 10− 6 (=10/(10,000 × 0.5) × 2.5 × 10− 3) for 
textile surfaces and 1.6 × 10− 4 (=10/(10,000 × 0.5) × 7.9 × 10− 2) for 
non-textile surfaces. 

The virus inactivation rate was 3.3 × 10− 3 min− 1 for a textile surface 
(λ1t) and 2.1 × 10− 3 min− 1 for a non-textile surface (λ1nt), from a recent 
measurement of SARS-CoV-2 inactivation in cardboard and stainless 
steel (van Doremalen et al., 2020). We assumed that virus inactivation 
on the fingers was negligible, which is the worst-case scenario. 

The viral transfer efficiency from a fingertip to facial mucosal 
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membranes per touch was 0.35 (Nicas and Sun, 2006). Considering that 
touch involves one fingertip of the five fingers on the same hand (0.2) 
(Nicas and Sun, 2006), the viral transfer rate from all five fingers to 
facial mucosal membranes per touch was 7.0 × 10− 2. 

Viral loads on textile surfaces (S1_t (t) [PFU]), non-textile surfaces 
(S1_nt (t) [PFU]), and fingers (F1 (t) [PFU]), and doses from hand-contact 
exposure (D1_h (t) [PFU]), were estimated as shown in eqs. 5–8. 

ΔS1 t(t) = At × V1(t) − λ1t × S1 t(t) × Δt − λ2t × S1 t(t) (5)  

ΔS1 nt(t) = Ant × V1(t) − λ1nt × S1 nt(t) × Δt − λ2nt × S1 nt(t) (6)  

ΔF1(t) = λ2t × S1 t(t) + λ2nt × S1 nt(t) − λ3 × F1(t) (7)  

D1 h(t) = λ3 × F1(t) (8)  

where V1 (t) represents the number of viable virus that spread toward an 
accompanier of an infector at time t [PFU], At is the ratio of viral par
ticles deposited onto textile surfaces to the total number of deposited 
virus particles (0.5), Ant is the ratio of virus particles deposited onto non- 
textile surfaces to the total number of deposited virus particles (0.5), ∆t 
is time step (0.01 min), λ2t = 5.0 × 10− 6 (when the accompanier touched 
the textile surfaces [touch probability was 0.05 per min]) or 0 (other 
times), λ2nt = 1.6 × 10− 4 (when the accompanier touched the non-textile 
surfaces [touch probability was 0.1 per min]) or 0 (other times), and λ3 
= 7.0 × 10− 2 (when the accompanier touched the facial mucosal 
membranes [touch probability was 1.6 × 10− 1 per min]) or 0 (other 
times).  

(4) Inhalation of respirable particles 

We considered that 10− 6 of the viruses emitted were present in 
respirable particles and distributed in uniform concentrations in the air 
(Nicas and Sun, 2006). The doses from exposure through inhalation of 
respirable particles were the same, irrespective of the five types of 
persons exposed (i.e., accompaniers of infectors, persons sitting imme
diately in front of infectors in the stands, persons exposed in restrooms, 
persons exposed at concessions, and others). We assumed two airborne 
exposure scenarios in different locations, that is, in the stands and in 
other locations (concourses, restrooms, and concessions). Since specta
tors spent 15 min for entry at the concourses, 15 min in the restrooms, 15 
min at concessions, 240 min in the stands, and then 15 min to exit at the 
concourses, as described above, exposure through inhalation of respi
rable particles in air in the stands could occur at t = 45–285 min. 
Similarly, we considered exposure through inhalation of respirable 
particles in the air at the concourses, restrooms, and concessions at t =
0–45 min and 285–300 min. 

The effective volume of the stands was 220,000 m3, which was 
estimated from the floor area (44,000 m2) and an effective height of 5 m. 
The total effective volume of the concourses, restrooms, and concessions 
was 145,680 m3, estimated from the sum of the concourses (floor area 
29,700 m2 and assumed effective height of 4 m), restrooms (8,400 m2 ×

2.2 m), and concessions (2,100 m2 × 4 m). Data on the floor area were 
retrieved from a floor plan of the stadium (Japan Sport Council, 2013). 

The air change per h was set at 12.5 for both the stands and other 
areas based on the Japanese building standard law. The ventilation rate 
(λ4) was therefore estimated as 2.1 × 10− 1 min− 1. 

The virus inactivation rate in the air (λ5) was 1.1 × 10− 2 min− 1, 
based on an experimental measurement of SARS-CoV-2 inactivation in 
aerosols (van Doremalen et al., 2020). The deposition rate (λ6) was 5.4 ×
10− 3 min− 1 (Nicas and Jones, 2009). 

The inhalation rate of viruses from the air in the stands by a person 
(λ7s) was 9.1 × 10− 8 min− 1, which was estimated from the breath rate 
(0.02 m3/min) and the effective volume of the stands. Similarly, the 
inhalation rate of viruses from the air at the concourses, restrooms, and 
concessions by a person (λ7crc) was estimated to be 1.4 × 10− 7 min− 1. A 
total inhalation rate by 60,000 spectators was 5.5 × 10− 3 min− 1 for the 

stands (λ7s_all) and 8.2 × 10− 3 min− 1 for other locations (λ7crc_all). 
The total virus removal rate in the stands (λ8s) was 2.3 × 10− 1 min− 1 

(=λ4+λ5+λ6+λ7s_all). The total virus removal rate at the concourses, 
restrooms, and concessions (λ8crc) was 2.3 × 10− 1 min− 1 (t = 0–45 min 
and 285–300 min) and 2.2 × 10− 1 min− 1 (t = 45–285 min). 

Viral loads in the air in the stands (Airs (t) [PFU]) and at the con
courses, restrooms, and concessions (Aircrc (t) [PFU]), doses from 
exposure through inhalation of respirable particles in the stands (Dresp_s 
(t) [PFU]) and at the concourses, restrooms, and concessions (Dresp_crc (t) 
[PFU]), and total doses from exposure through inhalation of respirable 
particles (Dresp (t) [PFU]) were estimated using eqs. 9–13. 

ΔAirs(t) = Vall s(t) − λ8s × Airs(t) × Δt (9)  

ΔAircrc(t) = Vall crc(t) − λ8crc × Aircrc(t) × Δt (10)  

Dresp s(t) = λ7s × Airs(t) × Δt (11)  

Dresp crc(t) = λ7crc × Aircrc(t) × Δt (12)  

Dresp(t) = Dresp s(t) + Dresp crc(t) (13)  

where Vall_s (t) represents the number of viable viral particles emitted 
from all the infectors that were subsequently dispersed in the air in the 
stands (t = 45–285 min) [PFU], and Vall_crc (t) represents the number of 
viable viral particles emitted from all infectors that subsequently 
dispersed into the air at the concourses, restrooms, and concessions (t =
0–45 min and 285–300 min) [PFU]. 

Total doses for the combined pathways for an accompanier of an 
infector (D1_total (t) [PFU]) were estimated using eq. 14. 

D1 total(t) = D1 drop(t) + D1 insp(t) + D1 h(t) + Dresp(t) (14)  

2.4.2. Persons sitting immediately in front of infectors in the stands 
Exposure for persons sitting immediately in front of infectors in the 

stands consist of the following pathways: (1) inhalation of inspirable 
particles, (2) hand contact with contaminated hair, and (3) inhalation of 
respirable particles. The number of persons per infector was 1.  

(1) Inhalation of inspirable particles 

Exposure through inhalation of inspirable particles was estimated 
similarly to the estimation for an accompanier of an infector. In this 
regard, we assumed that the probability that an infector talked/ 
coughed/sneezed forward in the stands (Pi_f_s) was 50%. The physical 
distance between an infector and a person sitting in the seat immediately 
in front was 0.5 m, i.e., the same distance as between the infector and an 
accompanier. Doses through inhalation of inspirable particles (D2_insp (t) 
[PFU]) were estimated using eq. 15. 

D2 insp(t) = 1.5 × 10− 2 × V2 s(t) (15)  

where V2_s (t) represents the number of emitted viable viruses in small 
particles spread toward a person sitting immediately in front of the 
infector at time t [PFU].  

(2) Hand contact with contaminated hair 

We considered that viruses in small and large particles settled onto 
the hair of a person sitting immediately in front of an infector when an 
infector talked/coughed/sneezed forward in the stands. The exposure 
from hand contact occurred when the person touched his/her hair and 
then any facial mucous membranes. 

The area of hair was assumed to be 300 cm2. The probability of 
touching the hair touch was 5.9 × 10-2 per min based on the observation 
of 26 persons that touched their hair 369 times in 4 h (Kwok et al., 2015). 
The virus transfer efficiency from hair to fingers per touch was set at 2.5 
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× 10− 3, that is, similar to that for a textile surface. The virus transfer rate 
from hair to fingers per touch was therefore calculated as 8.3 × 10− 5 

(=10/300 × 2.5 × 10− 3). We assumed that virus inactivation in hair was 
negligible. The probability of a facial mucosal membrane touch and the 
virus transfer rate from fingers to facial mucosal membranes was the 
same as that for an accompanier of an infector. 

Viral loads on hair (H2 (t) [PFU]) and fingers (F2 (t) [PFU]) and the 
doses from hand-contact exposure (D2_h (t) [PFU]) were estimated as 
shown in eqs. 16–18. 

ΔH2(t) = Ah × V2(t) − λ9 × H2(t) (16)  

ΔF2(t) = λ9 × H2(t) − λ3 × F2(t) (17)  

D2 h(t) = λ3 × F2(t) (18)  

where V2 (t) represents the number of viable viruses that spread toward 
a person sitting immediately in front of an infector in the stands at time t 
[PFU], Ah is the ratio of viruses deposited onto the hair to the total 
number of deposited viruses (300/10,000 = 3.0 × 10− 2), λ9 = 8.3 ×
10− 5 (when the person sitting immediately in front of the infector 
touched his/her hair [touch probability is 5.9 × 10− 2 per min]) or 
0 (other time). 

Doses from exposure through inhalation of respirable particles were 
Dresp (t), as described above. Total doses through all the pathways for a 
person sitting immediately in front of an infector (D2_total (t) [PFU]) were 
estimated as shown in eq. 19. 

D2 total(t) = D2 insp(t) + D2 h(t) + Dresp(t) (19)  

2.4.3. Persons exposed in the restrooms 
Exposure for persons exposed in the restrooms included the 

following pathways: (1) hand contact with doorknobs in the restrooms 
and (2) inhalation of respirable particles. Since the number of spectators 
and the number of restrooms in the stadium is 60,000 and approxi
mately 2,000 (Japan Sport Council, 2019), respectively, on average one 
toilet is used by 30 persons, under the assumption that spectators use the 
restrooms only once. The expected number of people who use a toilet 
after an infector is estimated to be 15. Therefore, we set the number of 
persons exposed in the restrooms per infector at 15. We estimated the 
expected doses for the person using a toilet after an infector and assumed 
that doses were the same among the other 14 persons.  

(1) Hand contact with doorknobs in the restrooms 

We considered that a doorknob was contaminated through the 
deposition of viruses emitted from an infector when he/she coughed/ 
sneezed in a restroom at t = 28–30 min. The doorknob was set at an area 
of 20 cm2 and classified as a non-textile material. The next toilet user 
after an infector was assumed to touch the doorknob when he/she exited 
from the toilet at t = 32 min. The virus transfer rate from the doorknob 
to fingers per touch was 4.0 × 10− 2 (=10/20 × 7.9 × 10− 2). The 
probability of touching facial mucosal membranes and the virus transfer 
rate from fingers to facial mucosal membranes were the same as for an 
accompanier of an infector. 

Virus loads on the doorknob (S3_nt (t) [PFU]) and fingers (F3 (t) 
[PFU]), and the doses from hand-contact exposure (D3_h (t) [PFU]) were 
estimated as shown in eqs. 20–22. 

ΔS3 nt(t) = A3 × V3(t) − λ1nt × S3 nt(t) × Δt − λ10 × S3 nt(t) (20)  

ΔF3(t) = λ10 × S3 nt(t) − λ3 × F3(t) (21)  

D3 h(t) = λ3 × F3(t) (22)  

where V3 (t) represents the number of viable viral particles spread to a 
toilet in a restroom at time t [PFU], A3 is the ratio of virus particles 
deposited onto the doorknob to the total number of deposited virus 

particles (20/10,000 = 2.0 × 10− 3), λ10 = 4.0 × 10− 2 (when the next 
toilet user touched the doorknob at t = 32 min) or 0 (other time). 

Together with Dresp (t), the total doses through all the pathways for a 
person exposed in the restrooms (D3_total (t) [PFU]) were estimated as 
shown in eq. 23. 

D3 total(t) = D3 h(t) + Dresp(t) (23)  

2.4.4. Persons exposed at concessions 
Exposure for persons exposed at concessions included the following 

pathways: (1) hand contact while ordering and (2) inhalation of respi
rable particles. We assumed that a person would spend 14 min waiting in 
the concession and 1 min while ordering. We set the expected number of 
persons exposed in the concessions per infector at 30 because we set the 
number of persons exposed in the restrooms per infector at 15, as 
described above, and the duration of toilet use per person (2 min) was 2 
times longer than that of ordering time at a concession. We estimated the 
expected doses for the person who attended the concession immediately 
after an infector and assumed that the same doses were applicable to the 
other 29 persons.  

(1) Hand contact while ordering 

We considered that surface materials in proximity to the infector 
placing an order were contaminated through the deposition of viral 
particles. We assumed that an infector talked for 1 min while ordering at 
t = 44–45. The infector was also assumed to cough/sneeze at this time 
following a certain probability, as described in “Virus emission.” A total 
of 20% of the surface area (10,000 cm2) where the virus particles 
deposited was considered textile and the rest (80%) was non-textile. The 
person who attended the concession immediately after an infector was 
assumed to touch the contaminated non-textile surface when he/she 
completed the order at t = 46 min. The virus transfer rate from 
contaminated non-textile surfaces at the concessions to fingers per touch 
event was 9.9 × 10− 5 (=10/(0.8 × 10,000) × 7.9 × 10− 2). The proba
bility of touching facial mucosal membranes and the virus transfer rate 
from fingers to facial mucosal membranes were the same as for an 
accompanier of an infector. 

The virus loads on non-textile surfaces at the concessions (S4_nt (t) 
[PFU]) and fingers (F4 (t) [PFU]) and the doses from hand-contact 
exposure (D4_h (t) [PFU]) were estimated as shown in eqs. 24–26. 

ΔS4 nt(t) = A4 × V4(t) − λ1nt × S4 nt(t) × Δt − λ11 × S4 nt(t) (24)  

ΔF4(t) = λ11 × S4 nt(t) − λ3 × F4(t) (25)  

D4 h(t) = λ3 × F4(t) (26)  

where V4 (t) represented the number of viable virus particles spread on 
site at time t [PFU], A4 is the deposition ratio of non-textile surfaces in 
proximity (0.8), λ11 = 9.9 × 10− 5 (when the next concession user 
completed the order at t = 46 min) or 0 (other time). 

The total doses from the two pathways (hand-contact at order and 
inhalation of respirable particles) for a person who was exposed at 
concessions (D4_total (t) [PFU]) were estimated as eq. 27. 

D4 total(t) = D4 h(t) + Dresp(t) (27)  

2.4.5. Other persons 
The expected number of other persons was calculated from the dif

ference between the number of spectators (60,000) and the sum of the 
total number of infectors and four categories of persons who were 
exposed (accompaniers of infectors, persons sitting immediately in front 
of infectors in the stands, persons exposed in the restrooms, and persons 
exposed at concessions). The exposure pathway for other persons was 
inhalation of respirable particles only, with the expected doses (D5_total 
(t) [PFU]), therefore Dresp (t). 
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2.5. Preventive measures 

It is not determined what preventive measures will be taken at the 
Tokyo 2020 Olympic and Paralympic Games. Through risk assessment, 
we can evaluate possible preventions to make an informed decision on 
holding the Games. Among prospective preventions (Boyce and Pittet, 
2002; Chu et al., 2020; Johnson et al., 2009; Kampf et al., 2020), seven 
possible and pragmatic measures were considered: (a) physical 
distancing of spectators at entrances and exits, (b) decontamination of 
surfaces in concessions, (c) enhanced stadium air ventilation, (d) par
titioning of spectators in the stands, (e) mandatory face masks at the 
concourses, restrooms, and concessions, (f) hand washing with soap in 
restrooms, and (g) wearing hats or other headwear in the stands. Four 
preventions (a–d) are organizer-oriented and three (e–g) are 
spectator-oriented.  

(a) Distancing 

In this prevention scenario, we assumed a greater physical distancing 
of 1.5 m between an infector and an accompanier at the entry and exit 
than indicated in base scenarios (0.5 m).  

(b) Decontamination 

We assumed that 99.9% of the viruses in the ordering places were 
inactivated/removed through decontamination at the time of ordering. 
A previous study reported that different types of biocidal agents 
exhibited greater than 99.9% inactivation of coronaviruses (Kampf et al., 
2020). We simulated the model for this prevention by changing “λ11 ×

S4_nt (t)” to “λ11 × S4_nt (t) × 0.001” in eq. 25.  

(c) Ventilation 

In this prevention scenario, we assumed that the air change per hour 
in the stands and at the concourses, restrooms, and concessions was 
increased to 25 compared to base scenarios of 12.5.  

(d) Partitioning 

Partitioning is a typical physical method used to prevent direct 
exposure of droplet spray and surface contamination (Fang et al., 2020). 
We assumed that by installing partitions between individual spectators 
in the stands, we exclude the exposure pathways of droplet spray and 
hand contact in the stands from accompaniers.  

(e) Face masks 

In this prevention scenario, the spectators were assumed to wear face 
masks only at the concourses, restrooms, and concessions. The use of a 
certain type of surgical mask can effectively reduce droplet transmission 
by 99% (Fischer et al., 2020). Five types of surgical masks also showed >
95% reduction in bacterial aerosols emitted into the air (Rengasamy 
et al., 2009). The effectiveness of face masks has also been reported 
elsewhere (Chu et al., 2020). However, in practice, considerable portions 
of emitted virus particles are likely to leak from the gaps between the 
mask and the face. We therefore assumed that face-mask wearing could 
reduce the emission of viruses in large particles by 95% but the removal 
of viruses in small particles was not expected. Furthermore, the use of 
masks reduced the probability of facial mucosal membrane touch per 
min from 1.6 × 10− 1 to 5.4 × 10− 2, because touches of the eyes 
accounted for 33% of the facial mucosal membrane touches involving 
the eyes, nose, and mouth (Kwok et al., 2015).  

(f) Hand washing 

Inactivation of viruses by hand washing with soap was reported 

elsewhere (Boyce and Pittet, 2002). We assumed that all the spectators 
washed their hands with soap in the restrooms after using the toilets, 
thereby inactivating 99% of the virus. In this prevention scenario, we 
simulated the model by changing “λ10 × S3_nt (t)” to “λ10 × S3_nt (t) ×
0.01” in eq. 21.  

(g) Headwear 

Hair contamination can be a pathway of exposure through hand 
contact in persons sitting immediately in front of infectors. We assumed 
that protecting the hair by wearing a hat or other headwear in the stands 
could exclude hand contact in persons sitting immediately in front of 
infectors. 

2.6. Dose-response model 

The expected symptomatic infection risk Psymp (Di) was estimated for 
five types of persons using a dose-response model for SARS-CoV 
(Watanabe et al., 2010) as shown in eqs. 28–29. This model was used 
in a recent risk assessment study of SARS-CoV-2 (Jones, 2020). 

Di =

∫

Di total(t)dt (28)  

Psymp(Di) = 1 − exp
(

−
Di

k

)

(29)  

where i = 1~5 and k = 410 (Watanabe et al., 2010). 
The exponential model used in this study described the dose- 

response relationship of the pooled data set for SARS-CoV-inoculated 
mice, with death as an endpoint. The fatality rates of severe diseases 
such as SARS-CoV-2 depend on the vitality of the infected individuals 
and the presence/absence of medical treatment. Since mice are gener
ally more sensitive than humans and cannot receive medical treatment, 
infection of mice with this illness is considered to eventually result in 
death. We therefore assumed that death as the endpoint for mice can be 
regarded as an illness for humans. The expected infection risks, 
including asymptomatic infection P (Di), were estimated by considering 
Rateasym, as shown in eq. 30. Rateasym has an arithmetic mean of 0.460 
and a standard deviation of 0.141, according to a meta-analysis of 
clinical observations of COVID-19 (He et al., 2020a). We assumed that 
the probability of Rateasym follows a normal distribution left- and 
right-censored with 0 and 1, respectively. 

P(Di) = min
(

Psymp(Di)

1 − Rateasymp
, 1
)

(30) 

The overall infection risk among spectators was estimated from the P 
(Di) of the five types of persons exposed and the corresponding number 
of persons. 

2.7. Sensitivity analysis 

As described in the “Virus emission” section, we assumed that 
aerosolized saliva particles can be classified as small and large particles, 
with an aerodynamic diameter of < 10 μm and > 10 μm, respectively. To 
investigate the effect of the virus load of small or large particles on the 
infection risk, we performed a sensitivity analysis. We calculated the 
overall infection risks under the assumption that the viral load in small 
or large particles were 3, 5, and 10 times greater than those in a refer
ence scenario. In addition, we conducted a sensitivity analysis to change 
the probability that an accompanier was looking at an infector (Pa_i_c and 
Pa_i_s) and the probability that an infector was talking/coughing/sneez
ing toward an accompanier or forward in the stands (Pi_a_s and Pi_f_s) (see 
section 2.4.1 (1)). Specifically, Pa_i_c and Pa_i_s were changed from 50% to 
10%, 25%, or 100%, and Pi_a_s and Pi_f_s were changed from 25% and 
50% to 0% and 100%, 10% and 80%, or 20% and 60%, respectively. To 
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address the uncertainty of the dose-response model, we also performed 
analyses using the lower (k = 190) and upper (k = 770) limits of the 95% 
confidence interval (Watanabe et al., 2010). Simulations were run at P0 
= 1 × 10− 4 using all seven preventive measures. The results of the 
analysis showed that the average overall infection risk would increase 
by 2.54, 3.73, and 7.27 times when the viral loads in large particles were 
assumed to increase by 3-, 5-, and 10-fold, respectively (Fig. S1). In 
contrast, the differences in the calculated overall infection risk due to 
the differences in viral loads in small particles fell within the variation of 
the output of the Monte Carlo simulations. The average overall infection 
risks were 0.27, 0.56, and 1.74 times the reference scenario when Pa_i_c 
and Pa_i_s were 10%, 25%, and 100%, respectively, whereas the changes 
in Pi_a_s and Pi_f_s made no significant difference in the results. Changing 
the k to the lower and upper limits of the 95% confidence interval 
resulted in average overall infection risks of 2.36 and 0.45 times the 
reference value. This indicates that the viral load in large particles, Pa_i_c 
and Pa_i_s, and k are key parameters that affect the overall infection risk. 

2.8. Simulations 

We ran model simulations under the following 33 conditions: (1) 
base scenarios with 5 conditions (i.e., P0 = 1 × 10− 6, 5 × 10− 6, 1 × 10− 5, 
5 × 10− 5, and 1 × 10− 4); (2) prevention scenarios (P0 = 1 × 10− 4) with 
10 conditions (i.e., seven individual prevention scenarios, four 
organizer-oriented preventions (a–d), three spectator-oriented pre
ventions (e–g), and all seven preventions (a–g)); (3) the seven preven
tive measures with 4 conditions with other P0 (i.e., P0 = 1 × 10− 6, 5 ×
10− 6, 1 × 10− 5, and 5 × 10− 5); and (4) the sensitivity analysis with all 
seven preventions with 14 conditions at P0 = 1 × 10− 4 (i.e., viral loads in 
small and large particles were set at 3-, 5-, and 10-fold compared to a 
reference scenario; Pa_i_c and Pa_i_s changed to 10%, 25%, or 100%; Pi_a_s: 
Pi_f_s changed to 0%:100%, 10%:80%, or 20%:60%; k changed to either 
190 or 770). 

We ran the simulation with a time step of 0.01 min and performed 
Monte Carlo simulations with 1,000 iterations for each condition. The 
Monte Carlo simulations estimated the distribution and average (arith
metic means) of infection risk from the expected exposures using a dose- 
response model. For the base scenario with P0 = 1 × 10− 4, we performed 
the simulation with 10,000 iterations to confirm that the relative stan
dard deviation for 1,000 iterations was ≤ 2% (Fig. S2). M.M. used Oracle 
Crystal Ball software (version 11.1.2.4.850; Oracle) for the simulations. 
F.M., T.Y., and Y.I. independently performed analysis using R software 
(version 4.0.0) (R Development Core Team, 2020) to confirm the results 
of M.M.’s analyses. 

3. Results 

The average overall infection risk (i.e., overall risks among all the 
spectators except for the infectors) from the no-prevention base sce
narios with P0 of 1 × 10− 6 to 1 × 10− 4 was 1.5 × 10− 6 (75th percentile of 
0) to 1.6 × 10− 4 (2.2 × 10− 4) (Fig. 2A). The ratios of average infection 
risks to P0 ranged from 1.5 to 1.7, so the entry of one infector was ex
pected to result in 1.5–1.7 new infections within a 5-h stay (including 
entrance, waiting, and exit times) at the opening ceremony. The base 
scenario with P0 of 1 × 10− 4 had an average risk (75th percentile) of 7.5 
× 10− 1 (1.0) for accompaniers of infectors, 1.4 × 10− 2 (1.5 × 10− 2) for 
persons sitting immediately in front of infectors, 1.6 × 10− 3 (9.7 × 10− 9) 
for persons using restrooms, 3.1 × 10− 3 (3.3 × 10− 3) for persons 
exposed at concessions, and 8.5 × 10− 9 (8.6 × 10− 9) for others (Fig. 2B). 

Prevention scenarios with P0 of 1 × 10− 4 estimated that partitioning 
reduces the risk of infection by an average 0.3 log10, with other single 
measures providing ≤ 0.1 log10 average estimated risk reductions 
(Fig. 3). The combination of four organizer-oriented preventions yielded 
a 0.9 log10 estimated risk reduction, with a higher average risk reduction 
of 2.2 log10 when all seven preventions were applied, indicating a syn
ergy between organizer- and spectator-oriented prevention. 

All seven prevention scenarios with P0 of 1 × 10− 6 to 1 × 10− 4 gave 
an average overall infection risk estimate of 1.2 × 10− 8 (75th percentile 
of 0) to 1.1 × 10− 6 (9.1 × 10− 7) (Fig. 4). The ratios of the average 
infection risks to P0 ranged from 0.009 to 0.012, corresponding to 
2.1–2.3 log10 risk reduction. The expected number of newly infected 
individuals was calculated as 0.0007 to 0.064 for P0 of 1 × 10− 6 to 1 ×
10− 4. 

Fig. 2. Base scenario for infection risks among spectators (no-prevention). 
Comparison of overall infection risks under five simulation conditions with 
different crude probabilities of a spectator being an infector (P0) (A). Com
parison of infection risks among five categories of spectators obtained from 
simulations with P0 of 10− 4 (B). A ratio of average infection risk to P0 corre
sponds to newly infected individuals per one infector entry into the stadium at 
the opening ceremony. Box-and-whisker plots represent the following percen
tiles: 2.5, 25, 50, 75, and 97.5. Closed circles represent average values (arith
metic mean). Monte Carlo simulations were performed with 1,000 iterations for 
each condition. 
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4. Discussion 

In this study, we developed a model to assess the infection risk 
among spectators due to exposure pathways at a mass gathering event, 
using the opening ceremony of the Tokyo 2020 Olympics as an example. 
The advantage of the model developed is that it enables us to quanti
tatively assess the infection risk of mass gathering events and to calcu
late the effects of preventive measures on reducing that infection risk. 
Note that we assumed that all non-infectors were susceptible to SARS- 
CoV-2. If 50% of the population is not susceptible to the virus, the 
infection risk is cut in half. Thus, an increase in the proportion of people 
who have antibodies would reduce not only the incidence and preva
lence of infectors, but also the infection risk among spectators at the 
opening ceremony of the Tokyo 2020 Olympics. 

The environmental exposure model revealed variable infection risks 
for the opening ceremony depending on the virus transmission pathways 
and individual preventive measures resulted in insufficient risk 

reductions. Strikingly, a 2 log10 estimated risk reduction was achieved 
by combining all the evaluated preventive methods, suggesting synergy 
of spectators and organizers. 

Our aim was not to judge the possibility of holding the Games. The 
infection risk is never null with current COVID-19 outbreaks, and society 
must decide on what are acceptable risk levels. Our intention was to 
demonstrate the achievable levels of infection risk reduction by imple
menting potential preventive measures. Infectious disease outbreaks 
have occurred in past Olympic Games (Enock and Jacobs, 2008), and the 
world must make informed decisions based on science when considering 
holding a mass gathering event like the Tokyo Olympic/Paralympic 
Games. Knowing the infection risk level provides a better understanding 
during societal debates and decision making, and we provide two 
viewpoints. 

The first is the ratio of the average infection risk to P0, which rep
resents the expected number of newly infected individuals per infector 
entry. The concept is similar to a basic reproduction number (R0), briefly 
defined as the expected number of secondary cases produced in a 
completely susceptible population by a typical infected individual 
(Diekmann et al., 1990). The epidemic spread can be prevented if R0 < 1. 
The ratio of the average viral infection risk to P0 estimated in this study 
represents the estimation for the 5-h event; therefore accepting this from 
a preventive perspective may be difficult if this value is > 0.1. Notably, a 
combination of all seven preventions can achieve a value of ~ 0.01. The 
second viewpoint is the expected number of newly infected individuals. 
The expected number of one newly infected individual among the 60, 
000 people expected at the opening ceremony in the spectators is un
likely to be acceptable for suppression of the infection during the Games, 
wherein the total number of spectators is scheduled to be approximately 
10 million people. If society accepts < 10 newly infected persons due to 
the events during the entire period of the Olympic/Paralympic Games, 
P0 should be approximately < 5 × 10− 5, assuming that the infection risks 
at other events are similar to those of the opening ceremony. This P0 
benchmark of 5 × 10− 5 corresponds to 91 infected individuals per day in 
a population of 10 million people using eq. 1. As of February 21, 2021, 
approximately 250 new cases were confirmed per day in the population 
of 10 million people in Tokyo (Tokyo Metropolis, 2021), which is higher 
than the benchmark value from our study. The actual infections in Tokyo 
may also be higher than the official number because of asymptomatic 
COVID-19 patients (He et al., 2020a) and the restricted diagnostic 
testing (Sawano et al., 2020). 

This study had some sources of uncertainty. First, since the SARS- 
CoV-2 infectivity titer in human saliva has not been reported, we used 
the data obtained from experimentally infected ferrets instead. We also 

Fig. 3. Comparison of infection risks among spectators in 
different prevention scenarios at a crude probability of a spec
tator being an infector (P0) of 10¡4. Comparison of overall infection 
risks among no-prevention, seven individual preventions, organizer- 
oriented preventions, spectator-oriented preventions, and all pre
ventions combined. a Physical distancing of spectators at entrances and 
exits. b Decontamination of surfaces in concessions. c Enhanced stadium 
air ventilation. d Partitioning of spectators in the stands. e Mandatory 
face masks at concourses, restrooms, and concessions. f Hand washing 
with soap in restrooms. g Wearing hats or other headwear in the stands. 
Four preventions (a–d) are organizer-oriented; three (e–g) are 
spectator-oriented. Risk reduction values were calculated from the 
average of the no-prevention scenario and respective prevention(s) 
scenarios. Box-and-whisker plots represent 2.5, 25, 50, 75, and 97.5 
percentiles. Closed circles represent average infection risks. Monte 
Carlo simulations were performed with 1,000 iterations for each 
condition.   

Fig. 4. Infection risks among spectators in the scenario of all preventive 
measures combined. The expected number of newly infected individuals was 
obtained by multiplying the average overall infection risk by the number of 
non-infectors. Box-and-whisker plots represent 2.5, 25, 50, 75, and 97.5 per
centiles. Closed circles represent average infection risks. Monte Carlo simula
tions were performed with 1,000 iterations for each condition. P0 is the crude 
probability of a spectator being an infector. 
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used a dose-response model for SARS-CoV that was developed using an 
animal (mouse) model because no quantitative dose-response model for 
SARS-CoV-2 is currently available. A sensitivity analysis applying the 
upper and lower limits of the 95% confidence intervals for the dose 
response parameter k resulted in a variation in the estimated infection 
risk of an approximately twofold (Fig. S1). Second, regarding virus 
emissions, although we used the saliva volume for talking, coughing, 
and sneezing, a potential difference due to voice loudness was not 
considered. We assumed that the aerosolized saliva particles could be 
classified into small or large particles (< 10 μm and > 10 μm, respec
tively), where small particles were regarded as sources of inhalation of 
inspirable particles and large particles as sources of droplet spray 
(Zhang and Li, 2018). We also assumed that viral loads per volume were 
uniform, irrespective of particle size. As suggested by the sensitivity 
analysis (Fig. S1), the viral loads in large particles may play an impor
tant role in the overall infection risk. The classification of particles with 
an aerodynamic diameter threshold of 10 μm, rather than 100 or 150 
μm, might have prevented the underestimation of the infection risk; 
however, the use of more detailed parameter conditions related to the 
occurrence and behavior of the virus depending on particle sizes may be 
necessary to further reduce the uncertainty. Third, this study assumed 
that virus inactivation on fingers and hair could be negligible, which 
could lead to the overestimation of the infection risk. Fourth, this study 
might have underestimated the effect of face masks on infection risk 
reduction: a recent study showed that surgical masks can reduce virus 
emission and uptake in small particles by 70% and 50%, respectively 
(Ueki et al., 2020). Fifth, the probability that an accompanier would be 
looking at an infector as the infector talked/coughed/sneezed toward 
the accompanier (Pa_i_c and Pa_i_s) was set at 50%; however, accom
paniers may avoid exposure to droplets. Similarly, the direction of 
talking/coughing/sneezing in the stands were assumed to be 50% for 
forward direction (Pi_f_s) and 25% toward each neighbor on the right and 
left (Pi_a_s); however, in practice, infectors could cough or sneeze toward 
a direction in which a person is not present. The sensitivity analysis 
showed the probability that Pa_i_c and Pa_i_s played significant roles in 
estimating the infection risk (Fig. S1). Improved awareness of infection 
prevention may further reduce infection risks. Sixth, the model was not 
verified based on the observation of infection as a nature of this study. 
This can improve with further studies on model verification. Epidemi
ological data on infection cases and environmental virus contamination 
data are expected to validate and advance the model. Seventh, the 
environmental exposure model was applied to assess the risk of infection 
during the mass gathering event in this study. The advantage of this 
model is that the effect of preventions on infection risk reduction can be 
evaluated by assessing exposure from each pathway. Conversely, the 
model is limited in representing the behavior of individuals. In future, 
the combination of the agent-based model (Saito et al., 2013) with the 
environmental exposure model is expected to express differences in in
dividuals’ behavior. Although this study aimed to perform a sound and 
timely solution-focused risk assessment, science and society continue to 
evolve daily under the ongoing COVID-19 global pandemic. It is advis
able to set up models using up-to-date scientific findings aimed at 
furthering the risk assessment in other mass gathering events. 

Despite the uncertainty above, our analysis shows that reducing the 
threat of COVID-19 to the Games depends on maintaining the preva
lence of infectious individuals at a certain level and implementing 
cooperative preventions by both organizers and spectators. Management 
of infection risks outside the stadiums and among spectators, staff, and 
athletes is also essential. The estimates in this study will be useful to 
facilitate social debates among stakeholders, including the International 
Olympic Committee, Japanese Olympic Committees, the Japanese 
Government, Tokyo Metropolitan Government, other local govern
ments, the Tokyo Organising Committee, athletes, and citizens world
wide. Importantly, both policy- and public-oriented actions are 
necessary to maintain the prevalence of infectious individuals at a 
certain level and design effective preventive measures toward holding 

the Tokyo 2020 Olympic and Paralympic Games. 
Furthermore, to the best of our knowledge, this is the first study to 

develop a model that can assess the infection risk among spectators due 
to exposure pathways at a mass gathering event. This model can be 
applied in the future to assess the infection risk at such events, including 
sports (baseball, soccer, etc.) and festivals. 
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