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In this paper, we present a mathematical model to assess the impact of reducing
the quarantine period and lifting the indoor mask mandate on the spread
of Coronavirus Disease 2019 (COVID-19) in Korea. The model incorporates
important epidemiological parameters, such as transmission rates and mortality
rates, to simulate the transmission of the virus under different scenarios. Our
findings reveal that the impact of mask wearing fades in the long term, which
highlights the crucial role of quarantine in controlling the spread of the disease.
In addition, balancing the confirmed cases and costs, the lifting of mandatory
indoor mask wearing is cost-effective; however, maintaining the quarantine
period remains essential. A relationship between the disease transmission rate
and vaccine efficiency was also apparent, with higher transmission rates leading
to a greater impact of the vaccine efficiency. Moreover, our findings indicate
that a higher disease transmission rate exacerbates the consequences of early
quarantine release.

COVID-19, quarantine, mask wearing, mathematical modeling, cost-effectiveness

1. Introduction

The social distancing policy in Korea, which was implemented on March 22, 2020, lasted
until April 17, 2022, with various changes in the guidance (1). On April 25, 2022, Coronavirus
Disease 2019 (COVID-19) was lowered from Class 1, which requires a high level of isolation,
such as negative-pressure isolation, to Class 2, which maintains only 7days isolation for
confirmed cases (2). In addition, since the outdoor mask mandate was lifted on September 26,
2022, the primary nonpharmaceutical interventions (NPIs) maintained in Korea were the
indoor mask mandate and 7 days quarantine. However, as COVID-19 has continued for more
than 2 years, there are calls to shorten the quarantine duration and ease mandatory indoor mask
wearing due to people’s fatigue and for economic reasons. In this study, we analyzed the number
of confirmed cases, number of severe cases, and the economic impact according to the change
in the current NPIs.

As COVID-19 spread across the world, the COVID-19 dynamics, such as the number of
confirmed cases and death cases, were predicted using mathematical models. After the
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development of the vaccine, a mathematical model that considered the
vaccine efficacy and rollout was used to simulate the impact of
vaccination (3, 4). In addition, to prevent breakthrough infections and
large-scale spread due to variants, many countries recommended
boosted vaccination (third vaccination), and the Korean government
also recommended a fourth vaccination and bivalent vaccination for
high-risk groups. Bosetti et al. (5), Ngonghala et al. (6), and Gavish
et al. (7) examined whether the boosted vaccination helped to
eliminate COVID-19 using a mathematical model that included a
population group that had received this vaccination.

Because the infection probability gradually decreases after the
peak (8-10), many countries have implemented various quarantine
policies to prevent the spread of COVID-19. Zhang et al. (11)
demonstrated that the self-isolation of susceptible people is effective
at reducing the effective reproduction number, and Yu et al. (12)
showed that if early testing is impossible, then the isolation of
symptomatic people is necessary. In Ashcroft et al. (13), the effect on
the transmission due to the reduction in the duration of quarantine
for people who returned from abroad was investigated. In Ma et al.
(14) and Lindsley et al. (15), the efficacy of facial masks for blocking
the SARS-CoV-2 virus was demonstrated in experiments, and the
effect of facial masks on COVID-19 transmission was studied in
Ngonghala et al. (6), Motallebi et al. (16), Shen et al. (17), and Reiner
et al. (18). Further, Baek et al. (19) and Kim et al. (20) studied the
transmission according to indoor mask wearing in a specific group in
Korea. In addition, there were several studies to analyze the economic
impact of COVID-19. Li et al. (21) showed that it is cost-effective to
inoculate the booster vaccine to seniors aged 65 years or older, even
considering the cost of booster vaccination. Kim et al. (22) analyzed
cost-effectiveness according to the social distancing level and vaccine
supply speed. Along with vaccine developments, COVID-19 treatment
was also developed, so Jo et al. (23) studied the cost-effectiveness of
COVID-19 treatments, namely Remdesivir and Dexamethasone.

In this paper, we develop a mathematical model to examine the
impact of easing COVID-19 control measures, such as the quarantine
and mask-wearing requirements. The model considers the effects of
vaccination and reinfection, and its parameters were estimated
accordingly. We used this model to explore the changes in confirmed
cases, hospitalizations, and deaths over time according to various
quarantine durations and mask-wearing rates. Furthermore,
we investigated the impact of quarantine and mandatory mask
wearing from a cost-effectiveness perspective.

2. Methods
2.1. Epidemiological data

Since January 19, 2020, when the first case of COVID-19 was
confirmed, the total number of confirmed cases in Korea has gradually
increased. The control strategy in Korea received good press before the
inflow of the Omicron variant. However, after the inflow of Omicron,
which has higher transmissibility than previous variants or the wild
type due to its higher stability in all open-complex forms, the number
of confirmed COVID-19 cases in Korea exploded (24).

Figure 1A shows the daily confirmed cases in each age group after
the inflow of the Omicron variant. On March 17, 2022, there was a
large wave of more than 600,000 confirmed cases per day, and in
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August 2022, there was another large wave. Since November 2022,
the number of confirmed cases due to the variant has
gradually increased.

The Korea Disease Control and Prevention Agency (KDCA)
announced COVID-19 antibody positive rate survey results using data
on September 6, 2022. According to these results, more than 97% of
Koreans have COVID-19 antibodies from infections or vaccinations,
and the antibody rate from infection was reported to be 57.65%, which
is higher than the cumulative infection rate of 38.15% that was
measured at the same time, which means there were many unreported
infected people in the local society (25). Even though Koreans have a
high antibody rate, the epidemic is not abating due to factors such as
waning immunity and new variants. Figure 1B shows the weekly
detection rate for each variant of the SARS-CoV-2 virus since
December 2021. The Omicron variant was dominant in Korea on
January 16, 2022, and since then, several Omicron subvariants
have appeared.

2.2. Mathematical model

In this study, we used an age-structured mathematical model to
describe the COVID-19 dynamics in Korea across eight age groups:
20-29years; 40-49 years;
50-59 years; 60-69 years; 70 years and older.

0-9years; 10-19years; 30-39years;

We considered different factors to develop the mathematical
model that fit the Korean COVID-19 situation. First, we divided the
vaccinated population into compartments for the second vaccination,
third vaccination, and fourth vaccination. Here, the second
vaccination, third vaccination, and fourth vaccination refer to the
second dose of the first vaccination, the first booster vaccination after
the second dose, and the second booster vaccination after the second
dose, respectively. We categorized the first-vaccinated population as
susceptible, taking into account that the efficacy of the first
vaccination is almost negligible on the initial date of our model
simulation (26), which is February 1, 2022, almost 1 year after the
first vaccine administration in Korea in February 2021. The Korean
government has recommended up to a fourth vaccination for the
population aged 50 years and older and a third vaccination for the
population aged 18-49 years (27). Second, the population that tested
positive for COVID-19 and needed to be quarantined was
categorized according to the symptoms of its members: mild-
symptom cases, hospitalization without intensive care, and
hospitalization with intensive care. Some members of the population
who were released from intensive care units were moved to the

Ny HY Moreover, we considered the

general ward, represented by ' "
members of the unreported infected population, who can infect
other susceptible populations and who have mild symptoms or are
asymptomatic. Third, we considered the reinfection rate and the
waning of the vaccination efficacy. Because the COVID-19 pandemic
has continued for a long time, the reinfection rate and breakthrough
infection rate are increasing. Lastly, to investigate the effect of the
quarantine duration, we added the confirmed cases of early
quarantine release as F’ M MV Because we assumed that patients
who were released early (before 7 days) were still infectious, they
affected the infection rate. By taking into account the above
information, we can write the equations for the mathematical model
as follows;
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FIGURE 1
(A) Daily confirmed cases in each age group; (B) percentage of SARS-CoV-2 variants of concern.
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D=y} (KiQi1 +x) zIV)

where Ai = i[ﬁik (([k +];(V)+(Hk +HkV)+9F (FkM +FkMV))/Nk}for
=1

N =Sk + B+ Hi+ i+ FM v v vt Bl enl ot PMY

+Rj + EZR s
and the dot above a variable denotes the time derivative of the variable

ie, X =——_ In the above equations, §; ( t) denotes susceptible
including first-dose vaccinated; E,-(t) denotes unvaccinated and
exposed; I; (’ ) denotes unvaccinated and infectious; H; (t) denotes
hidden infections without antibodies; O (t ) denotes unvaccinated
quarantined mild-symptom patient; FiM t ) denotes unvaccinated
nonquarantined mild-symptom patient; ;' (¢) denotes unvaccinated
hospitalization without intensive care; O (f ) denotes unvaccinated
hospitalization with intensive care; FiH (f ) denotes unvaccinated
hospitalization and release from ICU (intensive care unit); Viz (t)
denotes second-dose vaccinated; Vi3 (f ) denotes third-dose vaccinated;
Vi (t ) denotes fourth-dose vaccinated; EzV (f ) denotes vaccinated
and exposed; £, iMV (f ) denotes vaccinated with hidden infection;
s (l ) denotes vaccinated and infectious; QiM 4 (1 ) denotes vaccinated
quarantined mild-symptom patient; £ (1) denotes vaccinated
nonquarantined mild-symptom patient; Q:H 4 (f ) denotes vaccinated
hospitalization without intensive care; 0 (’ ) denotes vaccinated
hospitalization with intensive care; F; (t ) denotes vaccinated
hospitalization with release from ICU; R (t ) denotes recovered; SiR (t )
denotes susceptible people that have been infected; EiR (f ) denotes
exposed people that have been infected. A detailed description of the
parameters used in the model is provided in Table 1 and the schematic
diagram for the model is given in Figure 2.

2.3. Parameter estimation

2.3.1. Estimation of disease transmission rate

In Korea, the Omicron variant began to become the dominant
variant and a pandemic wave started in February 2022. The confirmed
case data by age in Korea from February 1, 2022, to December 31,
2022, were divided into four periods according to the epidemiological
characteristics, and they were used to estimate the disease transmission
rate. The period was divided into four intervals according to the
epidemiological characteristics, and the disease transmission rate that
corresponded to each interval was estimated. Each compartment of
the mathematical model was divided into eight groups, and the disease
transmission rate (f3) was estimated using the least-squares method
as an 8 x 8 matrix. The data-fitting plots and disease transmission rate
matrices are provided in Supplementary material Section 1.1.

2.3.2. Estimation of the transmission rate increase
due to indoor mask removal

The increase in the transmission rate due to indoor mask removal
was estimated according to Goyal et al. (33). Assuming that the current
condition is a mask-wearing rate of 75% and a mask-wearing time of
75% (75-75%), two other scenarios were considered according to
indoor mask removal: S1: 50-50%, and S2: 25-25%. For example,
50-50% means that 50% of people wear masks 50% of the time, where
time is 24h in a day (33). The increase in the disease transmission rate
was calculated by comparing the values of the effective reproduction
number (R;) that corresponded to the cases of 75-75%, 50-50%, and
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25-25% provided by Goyal et al. (33). The disease transmission rates
were increased by 17 and 35% for S1 and S2, respectively. This increased
rate was evenly applied across all age groups. The derivation of the R,
from the model is provided in Supplementary material Section 2.1, and
the graph of the relationship between the R; and transmission rate (f3)
are provided in Supplementary material Section 2.2.

2.3.3. Cost parameters

The costs due to COVID-19 include medical expenses and wage
losses due to quarantine and hospitalization (22), and they were
calculated as follows. The cost of the medical expenses was computed
considering the average daily cost of treatment and the recovery
period with respect to the statuses of the patients (i.e., mild-symptom
cases, hospitalization cases without intensive care, or hospitalization
cases with intensive care). The cost of the wage losses for patients
older than 20years was computed considering the average daily
income, employment rate, and recovery period for each age group.
The cost of the wage losses for patients younger than 19 years was
computed as the income decrease for females with infected children
younger than 19years. The cost of purchasing a mask was determined
by multiplying the total population by the average mask price, mask-
wearing rate, and mask-wearing time. The cost computation formulae
and the cost parameter table that was used are presented in
Supplementary material Section 3.

3. Results

3.1. Effect of the variation in the quarantine
duration

Figure 3 shows the effect of shortening the quarantine period on
the numbers of confirmed cases, critically ill patients, and deaths. The
start date of shortening the quarantine period was considered
according to the epidemiological characteristics, as follows:

o February 1, 2022: The Omicron epidemic began in South Korea
(numerical simulation start date);

o April 17, 2022: The complete lifting of social distancing;

« June 21, 2022: The date of the lowest number of confirmed cases
since the large outbreak;

o August 29, 2022: The number of critically ill patients that
decreased for 7 consecutive days.

It was assumed that the quarantine period was shortened from the
current 7 days to 5days, 3 days, and 0 days. According to Figure 3, the
shortening of the quarantine period had a greater impact on the
increase in the numbers of critically ill patients and deaths than on the
number of confirmed cases. Shortening the quarantine period to 5 or
3days may not cause immediate increases in patient numbers;
however, it could have significant long-term effects. In addition, the
shortening of the quarantine period on June 21, when the number of
confirmed cases was minimal in the short-term, led to more significant
increases in critically ill patients and deaths compared with when it
was implemented on April 17. Because June 21 can be considered the
beginning of a new outbreak, shortening the quarantine period was
effective when the number of confirmed cases decreased to some
extent. The tables of the cumulative number of confirmed cases,
number of critically ill patients, and number of deaths, as well as their
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TABLE 1 Parameter definitions and baseline values used in the numerical simulations.

Parameter Description Value Reference
A; The force of infection for age group i Computed
8
V V M MV
Z[ﬁik((lk+lk)+(Hk+Hk)+6p(Fk +Fp ))/Nk]
k=1
Bik Transmission rate from age group k to i Given in Supplementary material Section 1 Estimated
Wi Daily second vaccination doses for age group i *0,241.1, 137.3, 186.6, (28)
136.0, 92.6, 67.0, 70.6
Vi Daily third vaccination doses for age group i *0,390.3, 179.2, 232.0, 164.1, 119.8, 85.4, 82.7 (28)
vai Daily fourth vaccination doses for age group i *0, 1,398.8, 2,687.9, 2,401.4, 3,291.4, 4,659.6, 7,040.0, 9,533.8 (28)
1'2 Second-dose vaccine efficacy 0.06 (29)
3 Third-dose vaccine efficacy 0.39 (29)
s Fourth-dose vaccine efficacy 0.49 (29)
p Screening rate for confirmation of patients 0.7, varies Assumed
1/a Latent period 52 (30)
sM Probability of unvaccinated cases having mild symptoms st s -
i i i
H Probability of unvaccinated hospitalization without intensive 7 (28)
S; 12.81x0;
care i
s I Probability of unvaccinated hospitalization with intensive care *#[0.0050, 0.0096, 0.0073, 0.0118, 0.0299, 0.0792, 0.214, Estimated
i 1.08]x1072 (28)
5 MV Probability of vaccinated cases having mild symptoms - HY 5 Vi -
Hv Probability of vaccinated hospitalization without intensive care W (28)
Si 12.81% 5]
w Probability of vaccinated hospitalization with intensive care -3 Estimated
8 *[0, 0.0078, 0.0016, 0.0025 0.0338, 0.0646, 0.237, 1.366]x10
(28)
1/q Mean duration of case confirmation 3 (31)
1A Recovery period of asymptomatic cases 35 (10)
14
1y M Recovery (or quarantine) period of mild-symptom cases 7 (28)
I Recovery period of hospitalization without intensive care cases *11,11.6,13.2,12.6,13,13.2, 14.2, 16.6 (28)
1/y;
i
Y 7 Recovery period of hospitalization with intensive care cases *15.32, 15.99, 18.66, 17.70, 17.84, 18.44, 19.77, 23.79 (28)
Vi
Unl Period of stay in intensive care unit for critically ill patients 7 (28)
n
y 0 Quarantine period Vary (7, 5, 3,0) Assumed
n
Infectious period after release from quarantine -
l/nF P q l/yM—l/nQ
Period of stay in the general ward for critically ill patients -
< Y 8 viap vyt —1g!
released from the intensive care unit
K Mortality rate of unvaccinated hospitalization with intensive #0.000, 0.250,0.143, 0.333, 0.333, 0.404, 0.362, 0.490 Estimated
care cases (28)
v Mortality rate of vaccinated hospitalization with intensive care *0, 0.250, 0.200, 0.179, 0.283, 0.367, 0.320, 0.422 Estimated
Ki cases (28)
Relative infectiousness of early release patients (8)
OF Y P 0.52, when1/ nQ =5
0.75, when1/72 =3
l,whenl/nQ =0
1y Average duration of infectious antibodies 180 (32)

* For cells with an asterisk (*), values from left to right are for age groups: 0-9, 10-19, 20-29, 30-39,40-49, 50-59, 60-69, and 70+. The description of estimation of 61'1 s 5,‘1 v

,Kil, and K,’I is

given in Supplementary material Section 1.2. In addition, we have performed the sensitivity analysis for the parameters such as 8,72, 73,74, p, 6, 51' »Kj,and k; , and the result is given in

Supplementary material Section 7.
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increasing rates, according to the quarantine period that corresponds
to each date are presented in Supplementary material Section 4.

3.2. Effects of changes in screening rates
and activities of early releasers

The screening rate (p) is the proportion of mild-symptom patients
who are officially confirmed and placed under quarantine, compared
to the total number of such patients. A low screening rate leads to a
decrease in the number of confirmed cases, but an increase in the
number of infected and critically ill patients. To account for the early
release of patients, we multiplied their relative infectiousness (0 ) by
the control parameter (Cy, ), which varied between 0.2 and 1. Figure 4
illustrates the effects of changes in the screening rate of mild-symptom
patients (p) and the activities of early releasers (Cp, ) on the number
of confirmed cases, incidence, severe-symptom cases, and costs losses
for quarantine durations of 7, 5, 3, and 0 days starting from April 17,
2022. The values indicated by the numbers on the contour lines in the
figure correspond to the number of confirmed cases, incidence,
severe-symptom cases, and costs for the respective Cg, and p values.
The results indicate that, when the mandatory quarantine duration
was 5days or longer, changes in the screening rate had a greater
impact than the activity tendencies of early release patients.

Moreover, decreasing the screening rate and quarantine duration
led to a reduction in wage losses caused by quarantine, which
subsequently lowered the related costs. Refraining from activities of
early release patients was more effective, especially with respect to cost
reduction, when the mandatory quarantine period was short or
nonexistent. Therefore, if the quarantine period is shortened, a campaign
to encourage patients to avoid activities on their own is necessary. When

Frontiers in Public Health

the screening rate was high, there was no significant difference in costs
between 5days and 7 days quarantine periods, so it appears better to
shorten the quarantine period to 3 days or less to reduce social costs. The
results of implementing a shorter quarantine period on different dates
are provided in Supplementary material Section 4.

3.3. Effects of the removal of the indoor
mask mandate

South Korea was one of the countries that maintained the indoor
mask mandate the longest. The removal of the mask mandate was
discussed for a long time, and the decision was made to lift the indoor
mask mandate in high-risk facilities on January 30, 2023, according to
the criteria for doing so (see Supplementary material Section 5). The
removal of masks and the reduction in the quarantine period were
considered on the following break points: BP1: October 1, 2022:
simulation start date; BP2: February 23, 2023:14 consecutive days of a
decrease in confirmed cases; BP3: March 25, 2023: 7 consecutive days
of a decrease in the number of critically ill patients.

Figure 5 shows the effect of the quarantine period and mask-
wearing rate on the number of confirmed cases, critically ill
patients, and deaths. The results show that the numbers of
confirmed cases and critically ill patients significantly increased in
the short term due to mask removal; however, in terms of the long-
term perspective, the effect of the mask-wearing rate was not
significant and maintaining the quarantine period was much more
important. The simultaneous lifting of both the quarantine and
mask wearing would result in a substantial increase in the number
of critically ill patients, which requires careful consideration in
decision making.
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FIGURE 3

dates of shortening the quarantine duration.

A
5 x10° 22/2/1 4 x10° 22/4/17
8 —Q.dur.=7
] —Q.dur.=5
o4 Q.dur.=3 3
3 —AQ.dur.=0
Es
s 2
O2
H
z 1
>
K
e 0
a\ _9 20 71 N o\ AN 92 o® '1
& T T T (@0 T W 0
B
2000 1500
8
17}
8 1500
£ 1000
21000 \\////f\\
@
[ 500
g 500
@
172}
SN (BN R R N B N (B R 9
& N?‘ 30“ W0y 0% e e 9 0 e
C
120 80
8100
8 60
(6]
= 80
i =
H
2 40
= 20
g 20
® Al 0 \
D 2 g S (N P P
Q0 WOV o o N Y o0 oV £
2% ,ﬂvi’ ,1,30 .LB,L,Leﬂ N Y 25 ,L.vl\’ ,Lso '1.5 25N 0

Effects of shortening the quarantine duration for each time point on (A) confirmed cases; (B) severe cases; (C) deaths. Open circles represent the start

4 210° 22/6/21 4 x10° 22/8/29
3 3
2 2
1 1
% 2 N A O o® Al P ® 2 gl
Q O ) D . S ¥ ) ,0 SN S ¢
T pT W W e i W P o ¢ W 3 W e v ao P o
1500 1200
1000
1000 800
600
500 400
200
N I A N A ® o® ol
Q O ) ¥ / S ’ ) O ) $i) ’ S ¢
PL A S gp?m‘mﬂi yﬁﬁ T pe T W g gp91$§‘¢ pﬁz
100 80

80 60

60
40

<

40

20 20

%

S W R (At 22 A
’L'L e" 'L‘P& 'L;\)“ ’1-3 509 ‘.\0‘l 3o 'L'L(Ve ’L’PQ ,L;\)‘\ ,Ls\ 509 ,‘.\o‘l p‘\

Figure 6 shows the cumulative numbers of confirmed cases and
deaths and total costs, including medical expenses, wage losses, and
mask costs, according to the quarantine period and mask-wearing rate
for 1 year. When the quarantine period was 7 days, the increase in the
number of confirmed cases and critically ill patients due to mask
removal was not significant; however, the costs substantially decreased.
Therefore, considering the number of confirmed cases and the costs,
removal of the indoor mask mandate is efficient, but maintaining the
quarantine period is necessary. The medical, wage loss, and mask costs
for each scenario are provided in Supplementary material Section 6.

3.4. Effects of the variation in the
transmission rate and vaccine efficacy

As various mutations of the SARS-CoV-2 virus occur and become
prevalent, the rate of transmission of the disease may increase;
however, it may decrease according to the government’s quarantine
policy in response. The vaccine efficiency may increase as vaccines
that respond to prevalent mutations, such as bivalent vaccines, are
developed. Figure 7 illustrates the effects on the number of confirmed
cases, number of severe-symptom patients, and costs related to
medical expenses and wage losses according to the changes in the
disease transmission rate and vaccine efficiency. The variation in the
transmission rate matrix () was considered S x(1+ C /3) for the
control parameter (Cp). In the simulation, the vaccination of infected
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persons was not considered, and the vaccination period was assumed
to be 60days. The result shows that the numbers of confirmed cases
and critically ill patients were more sensitive to changes in the disease
transmission rates than to changes in the vaccine efficiency. Moreover,
the higher the disease transmission rate, the greater the effect of the
vaccine efficiency. In other words, the more prevalent the mutations
with high transmission rates, the more important vaccination with
high efficiency becomes. Additionally, the results indicated that as the
disease transmission rate increased, so did the impact of early
quarantine release. That is, the higher the transmission rate, the
greater the importance of quarantine. Although there was no clear
difference, the effect of the vaccine efficiency on the number of
critically ill patients and the costs was greater than that on the number
of confirmed cases.

4. Discussion and conclusion

The infectivity of the Omicron variant of COVID-19 vanishes
almost 7 days postinfection. Consequently, the mandatory quarantine
period for confirmed cases in Korea has been established as 7 days.
Nevertheless, the lengthy quarantine period has led to many
individuals, particularly self-employed individuals, avoiding
quarantine due to economic losses, and there have been discussions
about shortening the quarantine period based on various social and

economic considerations. Another key policy to reduce the COVID-19
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Effects of the quarantine period and mask-wearing rate on (A) the cumulative number of confirmed cases, (B) cumulative death, and (C) total costs.
Dates above figures refer to days when the mandatory wearing of masks was lifted.

infectivity is the mask-wearing policy. As of February 2023, the
mandatory wearing of masks had been lifted in most countries. In the
case of Korea, the mandatory wearing of masks outdoors and indoors
was lifted on September 26, 2022, and on January 30, 2023,
respectively.

In this study, we developed a mathematical model to study the
effect of loosening the COVID-19 control measures of quarantine for
confirmed cases and mandatory mask-wearing. The model parameters
were estimated to incorporate vaccination and reinfection into the
model. By using the mathematical model, we investigated the changes
in confirmed cases, severely ill patients, and deaths over time
according to different quarantine periods and mask-wearing rates.
We also analyzed the impact of quarantine and mandatory mask
wearing from a cost-effectiveness perspective.

One of our findings is that the increase in the number of severely
ill patients due to the shortening of the mandatory quarantine period
was substantially affected by the timing of the relaxation of quarantine,
and the determination of the optimal time to lift the quarantine was
crucial and required an analysis of the trend of confirmed cases.
Moreover, the results show that shorter quarantine periods led to
increases in the numbers of confirmed cases, severely ill patients, and
deaths. In particular, the shorter the mandatory quarantine period for
confirmed cases, the relatively higher the numbers of severely ill
patients and deaths. In the case of early release from quarantine, the
impact of the activities of early release patients was considered. When
implementing the early quarantine release policy, it is necessary to
publicize the policy requesting early release patients to voluntarily
refrain from having close contact with others.

From a cost perspective, the findings of this study suggest that
eliminating the quarantine policy is the most cost-effective. However,
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it is important to consider the potential impact on the spread of
COVID-19 and to balance the need for controlling the spread of the
virus with the reduction in social costs.

Our results indicate that the impact of quarantine for confirmed
patients was greater than that of mandatory indoor mask-wearing. In
particular, our findings reveal a sharp rise in confirmed cases and
critically ill patients in the short term due to reduced mask wearing.
However, the impact of mask wearing fades in the long term, which
highlights the crucial role of quarantine in controlling the spread of
the disease (Figure 5). Additionally, mandatory mask wearing was
found to be costly and did not significantly reduce the number of
confirmed cases, severely ill patients, and deaths. For optimal cost-
effectiveness, the lifting of both the quarantining of confirmed cases
and mandatory mask wearing is recommended, even though this
would lead to a substantial increase in critically ill patients. We found
that when the quarantine duration was set at 7 days, the impact of
reduced mask wearing on the confirmed cases and critically ill patients
was minimal, yet the costs significantly decreased (Figure 6). Thus,
weighing the confirmed cases and costs, lifting mandatory indoor
mask wearing is cost-effective; however, maintaining the quarantine
period remains essential.

The relationship between the disease transmission rate and
vaccine efficiency was also apparent, with a higher transmission rate
having a greater impact on the vaccine efficiency (Figure 7), which
implies that, as mutations with high transmission rates become more
widespread, vaccination with high efficiency becomes increasingly
important. Additionally, our findings indicate that a higher disease
transmission rate amplifies the effect of early quarantine release, which
means that the more widespread the disease, the more crucial
quarantine becomes.
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Effects of the variation in the transmission rate (Cf)and booster vaccination efficacy (z4) for (A) confirmed cases; (B) severe-symptom cases; (C) costs
due to medical expenses and wage losses (19~10 ). Dates in titles refer to the start dates of shortened quarantine periods.

This study has two limitations that should be considered. First,
the reduction in the severity of reinfections was not considered due
to a lack of relevant data. Medi¢ et al. (34) and Abu-Raddad et al.
(35) have shown that the rate of severe disease is lowered with
reinfection. However, Hwang et al. (36) highlights that the severity
of the infection varies depending on the type of virus that the
individual is initially infected with. Second, we did not account for
the impact of the bivalent vaccine. As the Omicron variant has
become dominant, research has shown that the efficacy of the
existing vaccines against it and its subvariants has decreased. In
response, a bivalent vaccine was developed. Lin et al. (37) and Surie
et al. (38) demonstrated that the bivalent vaccine is highly effective
as a booster vaccine against hospitalization and the severe symptoms
caused by the Omicron variants. However, Kurhade et al. (39)
concluded that it is too soon to determine the effectiveness of the
bivalent vaccine against the Omicron variant and its subvariants, as
the currently available bivalent vaccines are based on the BA.1, BA4,
and BA5 varijants.

In conclusion, this study developed a mathematical model to
investigate the impact of loosening COVID-19 control measures,
specifically quarantine for confirmed cases and mandatory mask-
wearing. The results indicate that shorter quarantine periods led to
increases in the numbers of confirmed cases, severely ill patients,
and deaths. From a cost perspective, eliminating the quarantine
policy is cost-effective, but it is important to balance the need for
controlling the spread of the virus with the reduction in social
costs. The study also found that mandatory mask-wearing was not
cost-effective and did not significantly reduce the number of
confirmed cases, severely ill patients, and deaths. The impact of
quarantine for confirmed patients was found to be greater than that
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of mandatory mask-wearing, and the lifting of both policies is
recommended for optimal cost-effectiveness, despite the increase
in critically ill patients. The study also highlights the importance
of considering the timing of the relaxation of quarantine and the
impact of vaccine efficiency on disease transmission rates. The
authors expect that this study will provide valuable insights for
policymakers in balancing public health concerns and economic
considerations in controlling the spread of COVID-19 or other
potential pandemics in the future.
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