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Abstract

Background: Nucleic acid test (NAT) could effectively control the spread of COVID-19 caused by large-scale sports
competitions. However, quantitative analysis on the appropriate frequency of NAT is scarce, and the cost-effectiveness
and necessity of high-frequency NAT remain to be fully explored and validated. This study aims to optimize the
COVID-19 surveillance strategies through cost-effectiveness analysis for the Tokyo 2020 Olympic Games and the

upcoming Beijing 2022 Olympic Winter Games.

Methods: A total of 18 scenarios were designed regarding the NAT frequency, symptom monitoring, and strength-
ening close-contact control. An agent-based stochastic dynamic model was used to compare the cost-effectiveness
of different NAT scenarios and optimize the surveillance strategies. The dynamics of the proposed model included
the arrival and departure of agents, transmission of the disease according to Poisson processes, and quarantine of
agents based on regular NATs and symptom onset. Accumulative infections, cost, and incremental cost-effectiveness
ratio (ICER) were simulated in the frame of the model. ICER was used to compare the cost-effectiveness of different
scenarios. Univariate sensitivity analysis was performed to test the robustness of the results.

Results: In Scenario 16, where the competition-related personnel (CRP) received NAT daily and national sports
delegation (NSD) with quarantined infections accepted an additional NAT daily, accumulative infection was 320.90 (90
initial infections), the total cost was (United States Dollar) USD 8 920 000, and the cost of detecting out each infection
was USD 27 800. Scenario 16 would reduce the total cost by USD 22 570 000 (avoid 569.61 infections), USD 1 420 000
(avoid 47.2 infections) compared with Scenario 10 (weekly NAT, strengthened close contact control) and Scenario 7
(daily NAT, no strengthened close contact control), respectively. Sensitivity analysis showed that the result was most
sensitive to the change in basic reproductive number.

Conclusions: High-frequency NATs such as bidaily, daily, and twice a day were cost-effective. NAT daily for CRP with
strengthening close-contact control could be prioritized in defense against COVID-19 at large-scale sports competi-
tions. This study could assist policymakers by assessing the cost-effectiveness of NAT scenarios and provide the host
country with an optimal COVID-19 surveillance strategy.
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Background
Large-scale sports competitions [1] are defined as vari-
ous intercontinental and worldwide comprehensive
or individual competitions held by the world’s sports
organizations, such as the Asian Games, the Tokyo
2020 Olympic Games, and the upcoming Beijing 2022
Olympic Winter Games. The most prominent charac-
teristics of large-scale sports competitions are mass
gathering and mass mobility [2, 3], which contribute to
the trans-regional transmission of the virus. For exam-
ple, as of September 5, 2021, the Tokyo 2020 Olym-
pic Games recorded a total of 848 confirmed cases of
Olympics-related personnel, including 41 athletes [4].
Nucleic acid test (NAT) is a primary means to control
the spread of the epidemic, and it is the gold standard [5,
6] for the timely detection and judgment of COVID-19
cases. For example, the US National Basketball Associa-
tion required regular NAT for unvaccinated athletes [7];
during the Tokyo 2020 Olympic Games, athletes were
tested for NAT daily to monitor the spread of COVID-19
[8]. Countries that have employed mass NAT, especially

Table 1 COVID-19 surveillance scenarios

high-frequency NAT [9], believe that it is an essential
strategy to control COVID-19 and detect virus carriers in
a timely manner. However, there is no unified standard-
ized surveillance policy or measure globally, and the fre-
quency of NAT is based on previous medical experience
[10]. Furthermore, the optimization of NAT frequency,
symptom monitoring, and close-contact control have not
been fully demonstrated under fixed cost. Moreover, the
cost-effectiveness and necessity of high-frequency NAT
remain to be fully explored and validated.

Deterministic models [11] and stochastic epidemic
models [12, 13] are commonly used to describe the
spread of infectious diseases. Compared with deter-
ministic models, stochastic models are more suitable
for real-life data fitting [14]. Stochastic models often
use agent-based dynamic models under the scheme of
a continuous-time Markov process [15, 16] to describe
the evolution of epidemics. Therefore, this study used
an agent-based dynamic model to optimize the surveil-
lance strategy.

Scenario Frequency of NAT monitoring (the competition- Frequency of additional NAT monitoring (the

related personnel) national sports delegation with the quarantined
infection)?

1 Every 7 days -

2 Every 6 days -

3 Every 5 days -

4 Every 4 days -

5 Every 3 days -

6 Every 2 days -

7 Once a day -

8 Twice a day -

9 Three times a day -

10 Every 7 days Once a day (Quarantine the infection)

11 Every 6 days Once a day (Quarantine the infection)

12 Every 5 days Once a day (Quarantine the infection)

13 Every 4 days Once a day (Quarantine the infection)

14 Every 3 days Once a day (Quarantine the infection)

15 Every 2 days Once a day (Quarantine the infection)

16 Once a day Once a day® (Quarantine the infection)

17 Twice a day Once a day (Quarantine the infection)

18 Three times a day Once a day (Quarantine the infection)

2The competition-related personnel came from different national sports delegations. When an infection was found in the health monitoring, we would strengthen
close-contact control, that was, we would increase the NAT frequency for people from the same national sports delegation for 14 days. "When an infection was found,
the infection was quarantined and the national sports delegation with the quarantined infection accepted NAT twice a day for 14 days. At the same time, other
national sports delegations without the quarantined infection accepted NAT once a day
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A reasonable COVID-19 surveillance strategy, espe-
cially the NAT frequency, sets a solid foundation for a
safe, successful, and exciting competition. At the same
time, this study also provided a pre-warning COVID-
19 model during large-scale sports competitions, which
could help various countries control the epidemic, save
costs, and reduce the impact on athletes’ careers.

Methods

Research scenario

Based on the strict closed-loop management during the
Tokyo 2020 Olympic Games and the upcoming Beijing
2022 Olympic and Paralympic Winter Games [8, 17], this
study was designed for 18 surveillance scenarios for the
competition-related personnel (including athletes, alter-
nate athletes, and other team officials, acronym as CRP)
from different countries as presented in Table 1. Accord-
ing to the Beijing 2022 Playbook Athletes and Officials
[17], we assumed that the CRP would undergo unified
health monitoring during the competition, including
NAT monitoring (once a week to three times a day) and
symptom monitoring (real-time dynamic monitoring
including passive screening and self-report) [10] (Fig. 1).
In this study, the frequency of NAT more than once in
2 days was defined as high frequency. In addition, to
minimize the impact on non-virus-carrying athletes and
ensure the smooth proceeding of the competition, we
strengthen close-contact control by implementing an
additional NAT within 14 days on the national sports del-
egation (NSD) with quarantined infections (Table 1).

Model assumptions

(1) Individual NAT is negative before virus shedding.

(2) The time required for NAT is ignored.

(3) When individuals have specific clinical symptoms,
they will be treated and isolated promptly.
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(4) Once infected with the SARS-CoV-2, the individual
is immediately infectious.

(5) Individuals all receive NAT at the customs and
those with negative-test results are able to enter the
model.

(6) The individuals in the model will all receive NAT
on the first day of monitoring. When leaving the
model, a NAT report within 48 h is required.

(7) The transmission rate between NSDs is two-thirds
of that within NSDs.

(8) The CRP are composed of 100 NSDs and enter the
system in 60 groups. Each group has 100 people.

Model description

Let S, I, A, Q denote the state of agents to be suscepti-
ble, to-be-symptomatic, asymptomatic and quarantined,
respectively. Infections (A or I) were denoted by U as
they left the system unfounded (Fig. 2). Then the model
evolves according to dynamic as follows (Additional
file 1: Page 2-5).

(1) Arrival: Arrivals consisting agents of state I, A and
S would enter the system according to a fixed time
schedule. As a result, the population of state 7, A
and S increased.

(2) Departure: Agents left the system randomly after
their sports events. Therefore, the population of
state [, A and S decreased.

(3) Transmission: A Poisson process was assigned
to each infectious agent (A or I) to govern their
transmission with rate f, That is, the probabil-
ity of occurrence for each infection’s transmission
between time ¢ and ¢+ 8t was given by.
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Fig. 1 COVID-19 monitoring process of competition-related personnel during large-scale sports competitions
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Fig. 2 Stochastic dynamic model transfer chart of COVID-19
monitoring for competition-related personnel

Based on basic reproductive number R, infectious
period IB vaccination rate P, and vaccination effi-
cacy against infection P, 5; was equal to

Ro/IP % (1 — P,) + Ro/IP P, % (1 — P;)

(Additional file 1: page 3). As the transmission
occurs, an individual that was not under quaran-
tine would be selected. If the selected individual
was S, he would be infected with probability 2/3
if the transmission occurred within NSD, 1 if the
transmission occurred between NSDs. Consid-
ering the efficacy of vaccination against symp-
tom P, and asymptomatic rate of unvaccinated
infectious agents p;, the state of infected S in our
system would be changed to A with probability
o1+ (1 — p1) * Py % Pg,with 1 — (o1 + (1 — p1) * P, % P) tO
I (Additional file 1: Figure S3).

(4) Quarantine: The individual would be quarantined if
he/she (1) Symptom onset: For each agent of State
I who was exposed at time 7, his/her pre-sympto-
matic incubation period was given by T, which fol-
lowed a Weibull distribution with scale parameter A
and shape parameter k. Once the system advanced
at time T;+ 7, the corresponding / would develop
symptoms and became Q due to health monitoring.
(2) Nucleic acid test (NAT): Once the agent of state
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S was infected, the virus in the agent would shed
according to a Poisson process with rate y. Thus, the
time length of virus shedding followed exponential
distributions with parameter y. NAT applied after
viral shedding would be able to detect the agent and
move it into quarantine (Additional file 1: Figure S4).

Based on previous large-scale sports competitions,
this study assumed that the surveillance strategy lasted
for 31 days. In the first 10 days, we assumed that there
were three groups of people going into the system every
day. For the next 3 days, the number of groups increased
to ten. I and A are randomly assigned to the arrival
groups according to IIR. During the competition period
(14<t<29), we assumed that there were five sports
events every day. The individual who had finished the
game at time ¢, randomly chose a departure day ran-
domly from day [¢1] to the last day 31, and left at noon.
See Additional file 1: Figure S5 for a detailed illustration.

Outcome indicators

(1) Accumulative infection (AI): The accumulative
number of infections during the monitoring.

(2) Accumulative unfounded number (AUN): The
accumulative number of agents of state U during
the health monitoring.

(3) Accumulative detection ratio (ADR): The ratio of
accumulative agents of state Q in accumulative
infections.

Al — AUN
Al

ADR = x 100%

(4) Symptom detection ratio (SDR): The ratio of accu-
mulative agents of state Q by symptom monitoring
in accumulative detections.

(5) Total cost (TC): It included the cost of health moni-
toring (HMC), the cost of medical treatment to the
quarantined CRPs (MTC), the cost caused by the
contact between the audience and the infectious
CRPs (CC). The details of HMC, MTC and CC
were in Additional file 1: page 6-7 [18—24].

(6) Cost-effectiveness ratio (CER): It was used to deter-
mine compliance with the cost-effectiveness princi-
ple. The CER indicated the cost of each infection.

CER = e
Al

(7) Incremental cost-effectiveness ratio (ICER): Com-
pared with Scenario 1 (NAT weekly without
strengthening close-contact control) and Scenario
10 (NAT weekly and strengthening close-contact
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Table 3 Values and value ranges of model parameters

Parameter Value Parameter Value Value range
Personnel salary (PS) 363.31[18] Initial infections rate (IIR) 0.020 [25] 0.001-0.020
Nucleic acid test cost (NATC) 5.481[19] 2 6.258 [26] -
Number of audience (NA) 5000 [20-22] k 2.543 [26] -
Average medical cost (AMC) 2662.2 [23, 24] y 2.9[27-29] -
The monetary unit of this study was United States Dollars (USD), USD 1 Hn 092 [30] 0.69-1.00
=RMB 6.3839, and 1 RMB = USD 0.1566 on October 24, 2021. People infected 01 0.33 [31] 0.20-0.90
by z:‘ompe‘.cition—related infections were mainly audience. Due to the short time Infectious period (P) 1256 126, 32] 6.00-20.00
horizon, discount rate was not considered

Vaccination rate (P,) 0.58 [33] 0.20-1.00

Efficacy against infection (P)) 0.39[34] 0.10-0.60

. . X Efficacy against symptom (P) 0.84 [35] 0.50-1.00
control) and corresponding Scenario 1-9 with- cacy agaimst S/mp :
Basic reproductive number (Rg) 3.38 [36] 2.54-12.00

out strengthening close-contact control, it was the
ratio of the reduction of total cost to the reduc-
tion of accumulative infections, and represented
the cost savings of reducing an infection. Since the
frequency of NAT monitoring every 7 days was
commonly used [25], Scenario 1 and Scenario 10
were treated as control groups to explore whether
increasing the frequency of NAT was cost-effective.
And Scenario 1-9 were served as control groups to
explore whether strengthening close-contact con-
trol was cost-effective
ATC

ICER = ——.
AAI

Statistical analysis

This study implemented the simulation of stochastic
dynamic model, the sensitivity analysis, and subsequent
data processing in MATLAB R2021a (Mathworks Inc.,
Natick, MA, USA) and Excel 2010 (Microsoft Corpora-
tion, Redmond, USA). Considering the uncertainty of
different SARS-CoV-2 mutants, we used univariate sen-
sitivity analysis including perturbations on initial infec-
tions rate (IIR), NAT accuracy (u), infectious period (IP),
basic reproductive number (Rp), vaccination rate (P,),
efficacy against infection (P;), efficacy against symptom
(Ps) and asymptomatic infection ratio (p1). This sensitiv-
ity analysis focused on the change of the optimal scenario
as parameters vary. The value range of parameters was
shown in Table 3, and the details of IIR were shown in
Additional file 1: Table S9 [26-37].

Results

Based on the parameter values in Tables 2 and 3, this
study simulated the proposed model for 1000 times and
calculated the average and standard deviation (SD) of
the outcome indicators in order to reduce randomness

among different realizations (Additional file 1: Table S6,
S7).

Trend of cases

Under Scenario 1-9 and scenario 10-18 in Fig. 3, with the
increment in the NAT frequency, the Al and AUN were
generally decreasing, and the decreasing degrees were
gentler in Scenario 7-9 and Scenariol6-18, respectively.
Moreover, the downward trend of Scenario 1-9 was more
obvious than that of scenario 10-18. In Scenario 1-9, as
the frequency of NAT increased, the Al decreased from
2369.70 to 268.15, and AUN decreased from 681.70 to
25.58. Meanwhile, in Scenario 10-18, as the frequency of
NAT increased, the AI decreased from 890.51 to 266.93
and AUN decreased from 145.62 to 24.18. In Table 4, the
ADR of scenario 8-9 and 16—18 were all over 90% ranged
from 90.16% to 90.94%. With the decrease in NAT fre-
quency, the SDR significantly increased from 0.69% to
17.62%. In Scenario 1-4 (NAT weekly to once 4 days), the
SDR was all above 10% with a range of 10.80% to 17.62%.

Cost

Under Scenario 1-9 and Scenario 10-18 in Fig. 4, with
the increase of NAT frequency, the TC firstly decreased
and then increased slightly, among which Scenario 8 and
16 were both in a relatively low position. In addition,
the decline of TC in Scenario 1-8 was greater than that
of Scenario 10-16. It is also worth noting that with the
increase of NAT frequency, the proportion of the cost
caused by AUN in TC decreased accordingly. In Table 4,
TC reduced by USD 124 770 000 (93.15%) from Scenario
1 to Scenario 8, and the reduction on TC from Scenario
10 to Scenario 16 was USD 22 570 000 (71.67%). Scenario
16 had the lowest TC (USD 8 920 000), while Scenario 1
had the highest TC (USD 133 940 000) in 18 scenarios.



Wang et al. Infectious Diseases of Poverty (2022) 11:32

Page 6 of 10

2500.00 =2369.70
e
\2145.60

(%}
5 2000.00 4 1825.90
=}
(%3
2
=
o 1500.00 - 409.40
>
k=
Ry
g

1000.00 - 890.51
§ ol [e22os 779.79
< 81.74 Tyt ——— 665.88

S 90.41 )
500.00 - o
45.6: 37.2 27.5: 02.6!
0.00

Scenario 1 10 2 11 3 12 4 13
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Table 4 COVID-19 transmission and cost effectiveness of different scenarios

Scenario Initial COVID-19 transmission Cost effectiveness
infections
Accumulative  Accumulative  Accumulative  Symptom Total cost CER ICER (million dollars)
infection unfounded detection detection (million (million
number ratio/% ratio/% dollars) dollars) Scenario 1-9°  Scenario 1, 10°

1 90 2369.70 681.70 7123 17.62 133.94 0.0565 - -

2 90 2145.60 586.30 7267 16.48 11533 0.0538 - 0.0830
3 90 1825.90 490.40 7314 14.19 9220 0.0505 - 0.0768
4 90 1409.40 378.00 73.18 10.80 6543 0.0464 - 0.0713
5 90 1006.20 241.26 76.02 6.13 4159 0.0413 - 0.0677
6 90 641.22 13240 79.35 330 2268 0.0354 - 0.0644
7 90 368.10 46.46 87.38 118 10.34 0.0281 - 0.0617
8 90 293.68 28.90 90.16 0.82 9.17 0.0312 - 0.0601
9 90 268.15 2558 90.46 0.71 9.19 0.0343 - 0.05%4
10 90 890.51 145.62 83.65 558 3149 0.0354 0.0693 -

11 90 822.96 137.25 83.32 551 28.96 0.0352 0.0653 0.0375
12 90 779.79 127.54 83.64 520 27.31 0.0350 0.0620 0.0378
13 90 665.88 102.69 8458 417 2245 0.0337 0.0578 0.0403
14 90 562.55 84.06 85.06 2.80 18.15 0.0323 0.0528 0.0407
15 90 450.17 60.56 86.55 1.83 13.66 0.0303 0.0472 0.0405
16 90 320.90 3044 90.51 0.99 892 0.0278 0.0301 0.0396
17 90 29044 2647 90.89 0.74 933 0.0321 —0.0476 0.0369
18 90 266.93 24.18 90.94 0.69 931 0.0349 —0.0924 0.0356

ICER, Incremental cost-effectiveness ratio; CER, Cost-effectiveness ratio

2These comparisons were Scenario 1-9 without strengthening close-contact control. PThese comparisons were Scenario 1 and Scenario 10 (once NAT weekly)

The CER of Scenario 1-9 and 10-18 both decreased
first and then increased. The CER of Scenario 16 was the
lowest of all scenarios. The cost to detect one infection
was USD 27 800 in Scenario 16, while detecting out one
infection cost USD 56 500 in Scenario 1 (Table 4). Com-
pared with Scenario 1-7, the ICER of the correspond-
ing scenario with strengthening close-contact control
(Scenario 10-16) was greater than zero, and the incre-
mental infections and the incremental costs of Scenario
10-16 were less than zero, which meant Scenario 10-16

were more cost-effective than Scenario 17-18. While
the ICERs of Scenario 17-18 were less than zero com-
pared with scenario 8-9. Compared with Scenario 10, the
ICERs of Scenario 11-18 were all greater than zero, and
the incremental infections and the incremental costs of
Scenario 11-18 were less than zero, with ranges of -67.55
to -623.58, and -2.35 to -22.18, respectively. Therefore,
increasing NAT frequency was cost-effective (Table 4 and
Additional file 1: Table S7).
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Sensitivity analysis

Sensitivity analysis showed that the optimal scenario was
varied moderately according to the changes of Ry, IP, i,
Py, and p;. When Ry increased from 3 to 7, the optimal
scenario changed from Scenariol6 to Scenario 18. And
accumulative infection ranged from 3851.92 to 4472.97
when Ry were 7-12. When . was 69%, p; was 25%, IP was
9.42 and P, was 44%, the optimal scenario became Sce-
nariol?. It was worth noting that when the IIR of CRP
was low such as 0.1%, the corresponding optimal sce-
nario would be adjusted to Scenario 15 (NAT for CRP
twice a day, daily for the infected NSD). See Additional
file 1: Table S8 for a detailed sensitivity analysis’ result.

Discussion

This paper compared the cost-effectiveness of different
surveillance scenarios using a stochastic dynamic model
to optimize the surveillance strategies for successfully
holding large-scale sports competitions. The results indi-
cated that the most feasible and cost-effective scenario
was NAT daily for CRP and an additional NAT daily
for NSD accepting quarantined infections (Scenario 16)
with an IIR less than 1.5%. Compared with Scenario 7
and Scenario 10, ICERs of Scenario 16 were both greater
than zero, which meant that Scenario 16 could reduce Al
and TC, and be more cost-effective due to implement-
ing an additional NAT on the NSD with infections and
increasing NAT frequency of CRP. Although Al of Sce-
nario 8 and Scenario 9 was slightly lower than Scenario
16, Scenario 16 had a lower NAT frequency, which was
more practical considering the competitive state of
the athletes and their compliance with extremely high-
frequency NAT. Meanwhile, the TC of Scenario 16 was
the lowest among the 18 scenarios. Therefore, we pro-
posed Scenario 16 as the most cost-effective scenario. Of
course, if COVID-19 spread more severe during the com-
petition, the host country should consider adjusting and

strengthening the epidemic prevention measures in time,
including increasing the frequency of NAT.

Sensitivity analysis indicated that vaccination was an
effective approach to control the spread of the epidemic.
A high vaccination rate will effectively reduce sympto-
matic infections as well as save the total cost. Although
the Omicron variant has some immune escape abil-
ity [38], studies have shown that the vaccine remains
fairly effective against (severe) symptoms [39]. In addi-
tion, China and many countries worldwide have started
promoting the vaccination rate of COVID-19 vaccine
booster shots to ensure high vaccine effectiveness.

In addition, the SARS-CoV-2 variant strains have dif-
ferent IIR, IP, p1, and Ry, which affect the selection of
optimal scenario. At present, several globally circulat-
ing SARS-CoV-2 variant strains such as Omicron have
emerged. Compared with the wild-type strain, Omicron
is characterized by remarkably increased viral loads and
transmissibility [40], which leads to more infections and
costs. Therefore, implementing comprehensive non-
pharmacological interventions including NAT at least
once a day is an effective measure to ensure the successful
hosting of sports competitions, such as the Tokyo 2020
Olympic Games, the National Basketball Association, and
the Women’s National Basketball Association [41]. Spe-
cifically, the National Football League (NFL) successfully
controlled the spread of COVID-19 by increasing the fre-
quency of NAT (at least once per day) [42]. However, we
could see that with low frequencies, two or three NATs
every week, the Bundesliga professional football league
(Bundesliga) and the Ultimate Fighting Championship
(UEC) were still hailed as successful hostings of sporting
events during the COVID-19, due to fewer athletes (1079
athletes in Bundesliga and 102 fighters in UFC) [43, 44],
fewer gathering, and lower mobility. Unlike the Bundes-
liga and UFC, large-scale sports competitions face more
complicated challenges in terms of gathering, mobility,
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and tougher epidemic prevention, in the case of which
this study is more suitable. High-frequency NAT is vital
for the timely case detection. However, such a high fre-
quency of NAT is a significant challenge for the man-
agement and epidemic prevention personnel. Excellent
organizational management systems, standardized sam-
pling and testing operations, and sufficient budget are all
key factors in accomplishing these tasks effectively. It is
worth noting that when COVID-19 was severe, simply
adding NAT could not effectively control the spread of
the epidemic. It is necessary to consider adopting more
stringent epidemic prevention measures, such as isolat-
ing close contacts, holding closed-loop competitions
without audiences, and even reconsidering whether to
hold competitions. As the number of the audience is set
to be 0 in our system, the result shows that scenario 16 is
still the most optimal choice.

This study had two innovations. First, this study
assessed whether the comprehensive COVID-19 surveil-
lance strategy with different NAT frequencies was cost-
effective through a quantitative approach rather than
based on previous medical experience. It helped deter-
mine the NAT frequency for large-scale sports competi-
tions and provided a way to predict the epidemic spread
under monitoring. Moreover, the model allowed the
implementation of NATs at prefixed time points, which
make it more realistic and practical compared with tra-
ditional stochastic models [15, 16], where the transitions
from the infected to the quarantined followed the Pois-
son processes. The model we proposed here considered
regular NAT scenarios for all the agents in the system.
In this way, the agents in the system were detected at the
same time rather than one by one according to Poisson
processes, which was more reasonable in our real life.

Study limitations

This study had the following limitations. Firstly, due to
the continuous emergence of SARS-CoV-2 variants such
as Omicron, initial infections rate, infectious period,
basic reproduction number, and asymptomatic infec-
tion ratio might change, and even beyond the results
of sensitivity analysis. Secondly, the application back-
ground of this model was under closed-loop manage-
ment. If non-closed-loop management is implemented
during large-scale competitions, then a model needs to
be developed to depict both the competition-related and
the community level transmissions, as well as the interac-
tions between them. Third, the total cost of a COVID-19
surveillance strategy, including costs such as NAT sites,
isolation rooms, and patient transfers, needs to be supple-
mented by more detailed research. Fourth, these surveil-
lance strategies are specific to the CRP without regarding
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other personnel in the venues, such as broadcasters and
the Olympic and Paralympic Family. In the future, more
exploring can be focused on different variants, COVID-19
related cost, and non-closed-loop management.

Conclusions

This is a pioneering study to evaluate the cost-
effectiveness of COVID-19 surveillance strategies,
especially high-frequency NAT. We observed that
high-frequency NAT, such as bidaily, daily, and twice
a day, is cost-effective. NAT daily for the CRP and
strengthening close-contact control (an additional
NAT daily for NSD with quarantined infections) could
be prioritized as a variable in defense against COVID-
19 at large-scale sports competitions. The prewarning
COVID-19 surveillance strategy can help host coun-
tries detect virus carriers and prevent the spread of
COVID-19.

Abbreviations

NAT: Nucleic acid test; CRP: Competition-related personnel; NSD: National
sports delegation; USD: United States Dollar; Al: Accumulative infection; AUN:
Accumulative unfounded number; ADR: Accumulative detection rate; SDR:
Symptom detection rate; TC: Total cost; HMC: Cost of health monitoring;
MTC: Cost of medical treatment to the quarantined CRPs; CC: Cost caused by
the contact between the audience and the infectious CRPs; CER: Cost-effec-
tiveness ratio; ICER: Incremental cost-effectiveness ratio; IIR: Initial infections
rate; IP: Infectious period; SD: Standard deviation; NFL: The National Football
League; Bundesliga: The Bundesliga professional football league; UFC: The
Ultimate Fighting Championship.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540249-022-00955-3.

Additional file 1: Table S1. Description of the system variables. Table S2.
Formal definition of the stochastic dynamic model. Figure S3. The
diagram of transmission. Figure S4. The diagram of quarantine. Figure
S5.The timeline of the system. Table S6. Standard deviation of COVID-19
transmission. Table S7. Standard deviation of cost effectiveness. Table S8.
Univariate sensitivity analysis of different parameters. Table S9. Incidence
rate of COVID-19 in different regions (December 2021).

Acknowledgements

The authors are grateful to Da Huo in Beijing Center for Disease Prevention
and Control and the Beijing Organizing Committee for the 2022 Olympic and
Paralympic Winter Games for supporting this work.

Authors’ contributions

7], BZ contributed to the study design, XW, YC, YZ, WL contributed to the
model construction, XW, YC, contributed to variable selection and wrote the
manuscript. BZ, XZ, LW, XY, MZ, ZJ,YZ contributed to the manuscript develop-
ment. All authors provided critical revisions and took responsibility for the
work. BZ and YZ are the guarantors. All authors read and approved the final
manuscript.

Funding

The study was supposed by National Natural Science Foundation of China
(72104008, 72174004, 82041023) and National Key R&D Program of China
(2021YFF0306001).


https://doi.org/10.1186/s40249-022-00955-3
https://doi.org/10.1186/s40249-022-00955-3

Wang et al. Infectious Diseases of Poverty (2022) 11:32

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Public Health, Peking University, Beijing 100191, China. >School

of Mathematical Sciences, Peking University, Beijing 100871, China. >*Center
for Statistical Sciences, Peking University, Beijing, China. *Center for Intelligent
Public Health, Institute for Artificial Intelligence, Peking University, Beijing,
China. *Peking University Clinical Research Institute, Peking University, Beijing,
China.

Received: 1 December 2021 Accepted: 25 February 2022
Published online: 18 March 2022

References

1. Xiaotang Z.The spread effect of large scale international sports
competition events on social developement. J Guangzhou Sport Univ.
2007;01:26-8.

2. McCloskey B, Zumla A, Ippolito G, Blumberg L, Arbon P, Cicero A, et al.
Mass gathering events and reducing further global spread of COVID-19: a
political and public health dilemma. Lancet. 2020;395(10230):1096-9.

3. Memish ZA, Steffen R, White P, Dar O, Azhar El, Sharma A, et al. Mass
gatherings medicine: public health issues arising from mass gathering
religious and sporting events. Lancet. 2019;393(10185):2073-84.

4. CCTV News Client. 4 new people involved in the Tokyo Paralympics test
positive for the new crown virus. 2021. http://m.news.cctv.com/2021/09/
05/ARTIzDtdEPIXcwiKerlwDjx9210905.shtml. Accessed 15 Nov 2021.

5. General Office of National Health Commission of the People’s Republic of
China, Office of National Administration of Traditional Chinese Medicine.
Diagnosis and treatment of corona virus disease-19 (8th trial edition).
2021. http//www.gov.cn/zhengce/zhengceku/2021-04/15/content_
5599795.htm?_zbs_baidu_bk. Accessed 1 Nov 2021.

6. FeiH, Chunyan Z, Boshen P, Beilei W, Wei G. Advance in the technologies
of molecular assays for SARS-CoV-2. Lab Med. 2021;36(04):462-6.

7. Global Times. NBA players who have not been vaccinated must take at
least one nucleic acid test on game day. 2021. https://baijiahao.baidu.
com/s?id=1711002008273621972&wfr=spider&for=pc. Accessed 15
Nov 2021.

8. TheTokyo Organising Committee for the Olympic and Paralympic Games
2020. The Playbook Athletes and Officials. 2021. https://gtimg.tokyo2020.
org/image/upload/production/mlimagnsphtv47swoftwbl.pdf. Accessed 15
Nov 2021.

9. Shijiazhuang Center for Disease Control. High frequency nucleic acid
testing can reduce the risk of epidemic transmission. 2021. https://baiji
ahao.baidu.com/s?id=1690179510209912532&wfr=spider&for=pc.
Accessed 15 Nov 2021.

10. Chiampas GT, Ibiebele AL. A sports practitioner’s perspective on the
return to play during the early months of the COVID-19 pandemic: les-
sons learned and next steps. Sports Med. 2021;51:89-96.

11. Kermack WO, McKendrick AG, Walker GT. A contribution to the math-
ematical theory of epidemics. Pro R Soc London Series A Containing
Papers Math Physical Character. 1927;115(772):700-21.

12. Bartlett MS. Some evolutionary stochastic processes. J Roy Stat Soc Ser B
(Methodol). 1949;11(2):211-29.

13. Kendall DG. Deterministic and stochastic epidemics in closed popula-
tions. Contributions to Biology and Problems of Health. Proceedings of

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 9 of 10

the Third Berkeley Symposium on Mathematical Statistics and Probability.
University of California Press; 1956. p. 149-66.

. Britton T. Stochastic epidemic models: a survey. Math Biosci.

2010;225(1):24-35.

. Xianghua Z, Ke W. Stochastic SIR model with jumps. Appl Math Lett.

2013;26(8):867-74.

. Badreddine B, Mohamed EF, Aziz L, Roger P, Regragui T. A stochastic SIRS

epidemic model incorporating media coverage and driven by Lévy noise.
Chaos Solitons Fractals. 2017;105:60-8.

. The Beijing Organising Committee for the Olympic and Paralympic

Games 2022. The Playbook Athletes and Officials. 2022. https://stillmed.
olympics.com/media/Documents/Olympic-Games/Beijing-2022/Playb
ooks/The-Playbook-Athletes-and-Team-Officials-December-2021.pdf?_
ga=2.211064085.1418195628.1641864219-1295516631.1635814353.
Accessed 1 Jan 2022.

. Beijing Municipal Bureau of Human Resources and Social Security. Notice

on Adjusting the Minimum Wage Standards of Beijing in 2021. 2021.
http://www.beijing.gov.cn/zhengce/gfxw;j/202106/t20210621_2417872.
html. Accessed 15 Nov 2021.

. The Beijing municipal medical insurance bureau. Notification of further

price reduction for novel Coronavirus Nucleic acid Tests (2021) 32. 2022.
http://xfb.beijing.gov.cn/zcwjyzcjd/zcwj/202112/t20211221_2566223.
html. Accessed 30 Dec 2022.

CCTV. Tokyo Olympics to begin: Five-party talks to discuss audience cap.
2021. http://tv.cctv.com/2021/06/21/VIDEPKJ7)WevevewZyWCS2j22
10621.shtml. Accessed 30 Dec 2021.

Kyodo News. Tokyo Games athletes'village with anti-virus steps unveiled
to media. 2021. https://english.kyodonews.net/news/2021/06/4f75b
d8e4563-tokyo-games-athletes-village-with-anti-virus-steps-unveiled-to-
media.html. Accessed 30 Dec 2021.

International Olympic Committee. PyeongChang breaks new ground!
2021. https://olympics.com/ioc/news/pyeongchang-2018-breaks-new-
ground. Accessed 30 Dec 2021.

Beijing Business Daily. National Healthcare Security Administration:

The total settlement cost for COVID-19 patients nationwide was 752.48
million yuan, or 17,000 yuan per person. 2021. https://baijiahao.baidu.
com/s?id=1662470560100472795&wfr=spider&for=pc. Accessed 30
Dec 2021.

Beijing Bendibao. The difference between containment area, control area
and prevention area. 2021. http://bjbendibao.com/news/20211022/
301919.shtm. Accessed 30 Dec 2021.

Joint Prevention and Control Mechanism of the State Council. COVID-19
prevention and Control plan for rural areas in winter and spring. 2021.
http://www.gov.cn/xinwen/2021-01/21/content_5581572.htm. Accessed
15 Nov 2021.

Our World in Data. Coronavirus Pandemic (COVID-19). 2021. https://
ourworldindata.org/coronavirus. Accessed 30 Dec 2021.

Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The
incubation period of coronavirus disease 2019 (COVID-19) from publicly
reported confirmed cases: estimation and application. Ann Intern Med.
2020;172(9):577-82.

Xi H, Lau EHY, Peng W, Xilong D, Jian W, Xinxin H, et al. Temporal
dynamics in viral shedding and transmissibility of COVID-19. Nat Med.
2020,26(5):672-5.

Xingjie H, Shanshan C, Degang W, Tangchun W, Xihong L, Chaolong W.
Reconstruction of the full transmission dynamics of COVID-19 in Wuhan.
Nature. 2020;584(7821):420-4.

Qun L, Xuhua G, Peng W, Xiaoye W, Lei Z, Yeqing T, et al. Early transmission
dynamics in Wuhan, China, of novel coronavirus-infected pneumonia. N
EnglJ Med. 2020;382(13):1199-207.

Butler-Laporte G, Lawandi A, Schiller I, Yao M, Dendukuri N, McDonald
EG, et al. Comparison of saliva and nasopharyngeal swab nucleic acid
amplification testing for detection of SARS-CoV-2: a systematic review
and meta-analysis. JAMA Intern Med. 2021;181(3):353-60.

Oran DP, Topol EJ. The proportion of SARS-CoV-2 infections that are
asymptomatic: a systematic review. Ann Intern Med. 2021;174(5):655-62.
Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Mller MA,

et al. Virological assessment of hospitalized patients with COVID-2019.
Nature. 2020;581(7809):465-9.

Our World in Data. Coronavirus (COVID-19) Vaccinations. 2021. https://
ourworldindata.org/covid-vaccinations. Accessed 30 Dec 2021.


http://m.news.cctv.com/2021/09/05/ARTIzDtdEPlXcwiKerIwDjx9210905.shtml
http://m.news.cctv.com/2021/09/05/ARTIzDtdEPlXcwiKerIwDjx9210905.shtml
http://www.gov.cn/zhengce/zhengceku/2021-04/15/content_5599795.htm?_zbs_baidu_bk
http://www.gov.cn/zhengce/zhengceku/2021-04/15/content_5599795.htm?_zbs_baidu_bk
https://baijiahao.baidu.com/s?id=1711002008273621972&wfr=spider&for=pc
https://baijiahao.baidu.com/s?id=1711002008273621972&wfr=spider&for=pc
https://gtimg.tokyo2020.org/image/upload/production/mlmqnsphtv47sw0ftwbl.pdf
https://gtimg.tokyo2020.org/image/upload/production/mlmqnsphtv47sw0ftwbl.pdf
https://baijiahao.baidu.com/s?id=1690179510209912532&wfr=spider&for=pc
https://baijiahao.baidu.com/s?id=1690179510209912532&wfr=spider&for=pc
https://stillmed.olympics.com/media/Documents/Olympic-Games/Beijing-2022/Playbooks/The-Playbook-Athletes-and-Team-Officials-December-2021.pdf?_ga=2.211064085.1418195628.1641864219-1295516631.1635814353
https://stillmed.olympics.com/media/Documents/Olympic-Games/Beijing-2022/Playbooks/The-Playbook-Athletes-and-Team-Officials-December-2021.pdf?_ga=2.211064085.1418195628.1641864219-1295516631.1635814353
https://stillmed.olympics.com/media/Documents/Olympic-Games/Beijing-2022/Playbooks/The-Playbook-Athletes-and-Team-Officials-December-2021.pdf?_ga=2.211064085.1418195628.1641864219-1295516631.1635814353
https://stillmed.olympics.com/media/Documents/Olympic-Games/Beijing-2022/Playbooks/The-Playbook-Athletes-and-Team-Officials-December-2021.pdf?_ga=2.211064085.1418195628.1641864219-1295516631.1635814353
http://www.beijing.gov.cn/zhengce/gfxwj/202106/t20210621_2417872.html
http://www.beijing.gov.cn/zhengce/gfxwj/202106/t20210621_2417872.html
http://xfb.beijing.gov.cn/zcwjyzcjd/zcwj/202112/t20211221_2566223.html
http://xfb.beijing.gov.cn/zcwjyzcjd/zcwj/202112/t20211221_2566223.html
http://tv.cctv.com/2021/06/21/VIDEPkJ7JWevevcwZyWCS2j2210621.shtml
http://tv.cctv.com/2021/06/21/VIDEPkJ7JWevevcwZyWCS2j2210621.shtml
https://english.kyodonews.net/news/2021/06/4f75bd8e4563-tokyo-games-athletes-village-with-anti-virus-steps-unveiled-to-media.html
https://english.kyodonews.net/news/2021/06/4f75bd8e4563-tokyo-games-athletes-village-with-anti-virus-steps-unveiled-to-media.html
https://english.kyodonews.net/news/2021/06/4f75bd8e4563-tokyo-games-athletes-village-with-anti-virus-steps-unveiled-to-media.html
https://olympics.com/ioc/news/pyeongchang-2018-breaks-new-ground
https://olympics.com/ioc/news/pyeongchang-2018-breaks-new-ground
https://baijiahao.baidu.com/s?id=1662470560100472795&wfr=spider&for=pc
https://baijiahao.baidu.com/s?id=1662470560100472795&wfr=spider&for=pc
http://bj.bendibao.com/news/20211022/301919.shtm
http://bj.bendibao.com/news/20211022/301919.shtm
http://www.gov.cn/xinwen/2021-01/21/content_5581572.htm
https://ourworldindata.org/coronavirus
https://ourworldindata.org/coronavirus
https://ourworldindata.org/covid-vaccinations
https://ourworldindata.org/covid-vaccinations

Wang et al. Infectious Diseases of Poverty

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2022) 11:32

Wall Street. Israeli data: Pfizer’s vaccine effectiveness is fading too fast.
2021. https://baijiahao.baidu.com/s?id=1708936540800584324&wfr=
spider&for=pc. Accessed 30 Dec 2021.

Ministry of Health, Chile. Covid-19 Vaccine Effectiveness Assessment in
Chile 2021. https://cdn.who.int/media/docs/default-source/blue-print/
chile_rafael-araos_who-vr-call_250ct2021.pdf?sfvrsn=7a7ca72a_7.
Accessed 30 Dec 2021.

Alimohamadi Y, Taghdir M, Sepandi M. Estimate of the basic reproduction
number for COVID-19: a systematic review and meta-analysis. J Prev Med
Public Health. 2020;53(3):151-7.

Callaway E, Ledford H. How bad is Omicron? What scientists know so far.
Nature. 2021,600(7888):197-9.

Sandile C, Laurelle J, David-S K, Khadija K, Thandeka M-G, Houriiyah

T, et al. SARS-CoV-2 Omicron has extensive but incomplete escape of
Pfizer BNT162b2 elicited neutralization and requires ACE2 for infection.
medRxiv. 2021. https://doi.org/10.1101/2021.12.08.21267417.

YuW, Jue L, Min L, Wannian L. Epidemiologic features and containment
of SARS-CoV-2 Omicron variant. Chin General Pract. 2022;25(01):14-9.
Sparrow AK, Brosseau LM, Harrison RJ, Osterholm MT. Protecting olympic
participants from Covid-19—the urgent need for a risk-management
approach. N Engl J Med. 2021;385(1):e2.

Mack CD, Wasserman EB, Perrine CG, MacNeil A, Anderson DJ, Myers E,
et al. Implementation and evolution of mitigation measures, testing, and
contact tracing in the National Football League, August 9-November 21,
2020. MMWR Morb Mortal Wkly Rep. 2021;70(4):130-5.

Meyer T, Mack D, Donde K, Harzer O, Krutsch W, Rossler A, et al. Suc-
cessful return to professional men'’s football (soccer) competition after
the COVID-19 shutdown: a cohort study in the German Bundesliga. Br J
Sports Med. 2021;55(1):62-6.

Hagemann G, Hu C, Al Hassani N, Kahil N. Infographic. Successful hosting
of a mass sporting event during the COVID-19 pandemic. Br J Sports
Med. 2020. https://doi.org/10.1136/bjsports-2020-103511.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://baijiahao.baidu.com/s?id=1708936540800584324&wfr=spider&for=pc
https://baijiahao.baidu.com/s?id=1708936540800584324&wfr=spider&for=pc
https://cdn.who.int/media/docs/default-source/blue-print/chile_rafael-araos_who-vr-call_25oct2021.pdf?sfvrsn=7a7ca72a_7
https://cdn.who.int/media/docs/default-source/blue-print/chile_rafael-araos_who-vr-call_25oct2021.pdf?sfvrsn=7a7ca72a_7
https://doi.org/10.1101/2021.12.08.21267417
https://doi.org/10.1136/bjsports-2020-103511

	Cost-effectiveness analysis on COVID-19 surveillance strategy of large-scale sports competition
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Research scenario
	Model assumptions
	Model description
	Outcome indicators
	Statistical analysis

	Results
	Trend of cases
	Cost
	Sensitivity analysis

	Discussion
	Study limitations
	Conclusions
	Acknowledgements
	References


