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Abstract

We propose a COVID-19 mathematical model that considers Omicron and previous
variants, booster shots, waning, breakthrough infections, and antiviral therapy. We
quantify the effects of social distancing (SD) in the Republic of Korea by estimating the
reduction in transmission µ induced by government policies from February 26, 2021 to
January 16, 2022. The time-dependent µ has a value between 0 and 1, with 1 being the
strictest SD. Simulations show that by February 28, 2022, 92% of infections are caused
by Omicron. Strict SD (µ = 0.81) is necessary to reduce the number of cases. However,
if the focus is shifted towards reducing the severe instead of daily cases, relaxed SD
(µ = 0.66) is possible if the administered booster shots have at least 90% effectiveness.
Furthermore, if the available antiviral pill is at least 89% effective against severe
infections with Omicron, then a more relaxed SD (µ = 0.54) can be implemented.

Introduction

Designated by the World Health Organization as a variant of concern on November 26,
2021, Omicron is now the dominant variant in several countries including South Africa,
Denmark, the United States and the United Kingdom [1]. Omicron has been detected in
149 countries as of January 6, 2022 and continues to pose a high risk for COVID-19
worldwide [2]. Initial studies on Omicron suggest that it is more transmissible [3–5] and
has a greater ability to evade immunity than Delta [6,7]. Moreover, Omicron appears to
cause less severe infections and a higher chance of reinfection compared to previous
variants [2].

Vaccine effectiveness and immunity induced by vaccines or a prior infection decrease
depending on SARS-CoV-2 variants and waning of immunity [8–10]. Despite these,
vaccination is still an important measure in protecting the population. Boosters have
been rolled out in many countries with priority given to the most vulnerable
groups [2, 11, 12]. Currently available vaccines remain effective against severe disease
and death, can slow down transmission, and may minimize the emergence of new
variants [11, 13,14]. Furthermore, non-pharmaceutical interventions (NPIs), such as
wearing masks and social distancing (SD), are crucial in interrupting and delaying the
transmission of Omicron [2, 11, 15].
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The Republic of Korea’s COVID-19 pandemic response before vaccination started
had centered on SD and Testing/Tracing/Treatment. From February 26, 2021,
vaccination rolled out with priority to the elderly and healthcare workers, followed by
the younger age groups. A four-tier SD scheme was adopted in July 2021 that outlined
the number of people in a gathering and operational guidelines of various facilities [16].
During this time, SD was maintained at Level 2 (SD2) but was raised to Level 4 (SD4)
on July 12, 2021, when the fourth wave prompted by the Delta variant began [17]. By
October 2021, about 75% of the population had been fully vaccinated and a decline in
the number of cases was observed. On November 1, 2021, the government implemented
an eased SD level as part of its ‘gradual recovery to a new normal’ (GR) policy.

A sharp rise in daily cases of COVID-19 was seen towards the end of November until
early December 2021 due to the eased SD and dominance of the Delta variant, which
was detected in 96% of tested samples on December [18], 2021. Moreover, breakthrough
infections (BTI) comprised 58.2% of the cases according to the data reported on
January 17, 2022 [19]. To maintain a high population-level immunity, more than
100,000 doses of booster shots have been administered per day since November 2021.
The duration of getting a booster shot from the second dose had also been shortened
from six to three months. Cases with the Omicron variant were first reported in Korea
on December 1, 2021. On January 15, 2022, the proportion of infections with Omicron
was around 26.7% [19]. A stronger SD policy called suspended GR (SGR) had also been
reinstated since December 18, 2021. As of January 21, 2022, the average daily
confirmed cases and severe patients were 5,101 and 543, respectively. On January 14,
2022, the Pfizer COVID-19 antiviral pill Paxlovid was rolled out in Korea, the first
Asian country to do so after authorizing its emergency use in December [20]. Clinical
trials show that this pill has 89% effectiveness against severity [21].

Mathematical models have been extensively used to understand the dynamics of
COVID-19 in various countries [22–25]. They have also been utilized in proposing
strategies to ease the effects of the pandemic [26–28]. Furthermore, vaccination roll-out
strategies were designed using mathematical models [29–31]. Various models considering
the Delta variant have been presented [32–34]. In this study, we propose a model of the
transmission of COVID-19 in Korea considering pre-Delta, Delta, and Omicron variants,
waning of immunity, administration of primary vaccine doses and booster shots, and
antiviral therapy. We quantify the effects of NPIs induced by the government policies
from February 26, 2021 to January 16, 2022 and examine its impact on the daily cases
and number of severe patients given the existing vaccination scheme and rising number
of Omicron infections. Furthermore, we investigate the effect on the spread of
COVID-19 if parameters related to Omicron’s transmissibility, severity, and response to
vaccines are varied. Through our proposed model, we identify how the SD policy can be
eased now that vaccines and antiviral therapy are in place.

Results

Fitting Results

The estimation period covered four SD policies: SD2, SD4, GR, and SGR. The GR
policy is an eased SD, which is a ’returning to normal’ policy. We estimated µ(t), which
quantifies the NPIs according to SD policies of the government. Figure 1 Panels (a) and
(b) show the best fit of the model to the data on the daily and cumulative confirmed
cases (red circles), respectively. The vertical lines mark the changes in SD policy. The
model captured the trend of cases during SD2 and SD4, and the sharp rise in daily
cases during the GR phase which peaked on December 19, 2021. A steep decline was
seen shortly after SGR was implemented and following the model’s trend, a slow
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Figure 1. Parameter-fitting results for µ(t) from February 26, 2021 to January 16, 2022.
The vertical dotted lines depict the transition between the different SD policies. Panels
(a) and (b) show the best fit of the model to the daily and cumulative confirmed cases,
respectively. The red circles represent the data on daily and cumulative cases. Panel
(c) shows the effective reproductive number R(t) (black curve), estimated values of µ(t)
(blue curve), and proportion of Delta and Omicron variants among the confirmed cases
(green and brown dashed curves, respectively). The green and brown circles indicate
the data on the proportion of Delta and Omicron infections among tested samples,
respectively.

decrease in daily cases was observed.
The black and blue curves in Panel (c) show the calculated R(t) and estimated µ(t)

values, respectively. The green and brown circles and dashed curves in Panel (c) depict
the data and model fit on the proportion of infections with the Delta and Omicron
variants, respectively. During SD2, R(t) remained on a range close to 1 except during
the two weeks (including Chuseok, the second largest holiday in Korea) before the
implementation of SD4, where R(t) jumped to 1.54. On the same two-week interval, the
lowest value of µ(t) = 0.59 was estimated and the proportion of cases with the Delta
variant (green curve) began to increase steeply. The values of µ(t) during SD2 varied
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between 0.59 and 0.71. From July 12 to October 31, 2021, Delta became the dominant
variant of SARS-CoV-2. The values of µ(t) ranged from 0.63 to 0.81. Its value dropped
to 0.63 in the last two weeks before the policy was changed to GR, and consequently,
R(t) increased to 1.41. During the eased GR phase, µ(t) and R(t) remained at around
0.65 and 1.2, respectively. When the enhanced policy (SGR) was reinstated on
December 18, 2021, the proportion of cases with the Omicron variant was only around
4%. The estimated µ(t) increased to about 0.73 and R(t) dropped to 0.7. However,
R(t) is observed to be increasing towards the end of the estimation period. Table 1
presents the average and range of µ(t) estimates obtained on each SD phase.

Dates SD Level Average µ(t) Range of µ(t)

Feb 26 to Jul 11, 2021 SD2 (Level 2) 0.66 (0.59,0.71)

Jul 12 to Oct 31, 2021 SD4 (Level 4) 0.76 (0.63,0.81)

Nov 1 to Dec 18, 2021 GR (Gradual Recovery) 0.65 (0.65,0.66)

Dec 19, 2021 to Jan 16, 2022 SGR (Suspended GR) 0.73 (0.70,0.76)

Table 1. The average and range of the estimated µ(t) values on each SD phase from
February 26, 2021 to January 16, 2022.

Waning and Breakthrough Infections

Figure 2 shows the changes in the proportion of the uninfected (Panel (a)) and infected
(Panel (b)) classes as more people were vaccinated and different SARS-CoV-2 variants
arrived in Korea. The vertical line on January 16, 2022 marks the start of the
forecasting period. At the beginning of the simulation, almost all of the uninfected
classes were unprotected. From July 12 to October 31, 2021, the proportion of
vaccinated individuals increased considerably from around 20% to 70%. This is
consistent with the data on vaccine coverage (11.8% to 75% [35,36]). Consequently, the
proportion of fully-protected individuals (dark blue) in the same period increased, and
the waning class (light blue) constituted about one-fifth of the uninfected population in
the subsequent GR phase. Since the administration of booster shots started in October
2021, the proportion of fully-protected individuals increased steeply. Extending the
period until February 28, 2022, simulations show that the number of protected
individuals (blue regions) will reach about 60% of the vaccinated population, assuming
that the number of daily administered booster shots is 450,000. As more people receive
booster shots, the proportion of individuals with waned immunity is reduced from 25%
on December 18, 2021 to 10% on February 28, 2022.

Figure 2 Panel (b) shows the proportion of BTI (red regions) and non-BTI (green
regions) by different SARS-CoV-2 variants. The black dots represent the proportion of
BTI from the data [19] and these are captured by the model results on BTI with Delta.
The proportion of BTI with Delta increased until the end of GR and decreased
thereafter, as the proportion of BTI with Omicron began to rise. Assuming that SGR is
continued until the end of forecast period, approximately 92% of infections (BTI and
non-BTI) are Omicron, and almost one-fourth of individuals infected with Omicron are
unvaccinated.

Model Forecasts

Figure 3 Panel (a) shows the model forecasts for the number of daily and severe cases
when µ is varied. The green curve in Panel (a) corresponds to µmax = 0.81, while the
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Figure 2. The proportion of the uninfected population and breakthrough infections
(BTI) from February 26, 2021 to February 28, 2022. Panel (a) shows how the proportions
of different uninfected classes change over time. Panel (b) illustrates the proportions of
non-BTI and BTI caused by the different variants. The total proportion of BTI from the
available data is also shown (black dots). The black dotted lines depict the transition
between the different SD policies. The solid black line on January 16, 2022 indicates the
end of the estimation and start of the forecast period.

magenta and black curves correspond to µ = 0.65 (GR) and µ = 0.73 (SGR). The gray
curves correspond to the cases when µ is varied from 0.65 to µmax. In this illustration,
we assume that the number of daily booster shots is 450,000. In both GR and SGR
scenarios, daily cases will exceed the maximum recorded number of 7,828 cases by
February 28, 2022. The threshold on the number of severe beds in Korea equal to 2,145
is reached at the GR level. Moreover, daily and severe cases may balloon to 50,000 and
3,000, respectively. If µ > 0.79, which translates to an SD level more strict than SGR,
then a decreasing trend in daily cases until February 28, 2022 is observed. In
comparison, if µ > 0.77, then the trend for severe cases is decreasing.

Figure 3 Panel (b) shows the model forecast for the number of daily and severe
cases when the number of booster shots administered from January 17, 2022 is 0,
450,000, or 800,000 daily. If µ = 0.73 (SGR), then the number of daily cases will rise
even if 800,000 booster shots are administered daily (blue curve). If SD is enhanced to
µmax, the number of cases will go down. In both µ values, increasing the amount of
daily administered booster shots decreases the overall number of infections. At SGR,
daily cases may rise to 12,700 when no booster shots are given compared to 9,600 when
450,000 booster shots are administered daily.

Figure 4 shows the forecast for the proportion of vaccinated (red bars) and
unvaccinated (green bars) individuals, with respect to the total vaccinated and
unvaccinated populations, respectively, who will be infected on February 28, 2022 under
different SD scenarios: µ = 0.59, 0.65, 0.73, and 0.81. In this simulation, the number of
daily administered booster shots from January 17, 2022 is set to 450,000. In all four
values of µ, the proportion of new cases of unvaccinated individuals is more than double

5/20



Figure 3. Forecast for the number of daily and severe cases considering different (a)
values of µ(t) corresponding to different SD levels and (b) amount of daily administered
booster shots when µ = 0.73 (SGR) and µ = 0.81 (maximum estimated µ that occurred
in SD4).

Figure 4. Predicted proportion of vaccinated and unvaccinated individuals who will
be infected by the end of the forecast period on February 28, 2022 under different
µ values. The plot on the left shows the predicted number of new cases per 100,000
people of unvaccinated (green bars) and vaccinated (red bars) individuals when µ =
0.59, 0.65, 0.73, and 0.81. The plot on the right is the predicted number of severe
patients per 100,000 people under different µ values. The insets show more closely the
bar graphs when µ = 0.73 and µ = 0.81.

than that of the vaccinated and the difference in proportions is eight-fold for the severe
patients. In particular, when µ = 0.73 (SGR), the predicted BTI is 18 per 100,000
vaccinated individuals and 0.8 of these cases are severe. Moreover, 40 infections are
predicted per 100,000 unvaccinated individuals and 6.5 of these are severe cases.

In Figure 5, we investigate the effect of different µ values to the maximum number
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Figure 5. Predicted maximum number of daily cases and severe patients considering
transmissibility and severity of Omicron, and effectiveness of the booster shots during
the period of January 17, 2022 to February 28, 2022. Simulations are done using varying
µ, which quantifies different SD levels. The red dashed lines indicate a threshold for the
maximum number of daily cases and severe patients to be more than 7,828 and 2,145,
respectively. The black dashed lines at µ = 0.65, and µ = 0.73 correspond to GR and
SGR levels, respectively.

of daily and severe cases under various assumptions on Omicron’s transmissibility,
severity relative to the Delta variant, and response to booster shots. Transmissibility is
quantified using the basic reproductive number. In the first column, we vary Ro

0 and fix
the proportion of cases that becomes severe and effectiveness of booster shots to their
values shown in Table 2. Similarly, different values of disease severity and effectiveness
of booster shots were considered in the second and third columns, respectively. If
Omicron is twice as transmissible as Delta (Ro

0 = 2Rδ
0), a strict SD policy (µ > 0.79)

ensures that the number of severe patients is below the threshold. If Ro
0 is 1.3 times as

transmissible as Delta [37], GR (µ = 0.65) may be the appropriate SD policy.
Regardless of the effectiveness of booster shots, SD level should be at least SGR
(µ = 0.73) to maintain the severe cases at manageable numbers. Meanwhile, SD level
can be relaxed to GR as long as booster shots are highly effective. This can be achieved
if the booster shots are Omicron-specific [38]. In particular, if the effectiveness of
booster shots is 90%, then at µ = 0.66 the number of severe cases will not exceed the
threshold. If the proportion of severe infections with Omicron is less than 20% of the
proportion with Delta, that is, p3 < 0.2p2, then µ can be set to 0.6, which corresponds
to a level that is more relaxed than GR.

Antiviral therapy reduces the number of severe cases. Figure 6 shows the predicted
number of severe patients by February 28, 2022 under different µ values given that
antiviral therapy is given to all infected and effectiveness of the pill against severity is
89% [39,40]. Compared to the projections without the antiviral therapy (see Figure 3,
Panel (a), bottom image), the number of severe cases in this simulation will not reach
the threshold even if SD level is GR. The black curve on Panel (b) of Figure 6 shows the
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Figure 6. Incorporating antiviral pill in the forecasts. Panel (a) shows the number of
severe patients considering different values of µ(t) corresponding to different SD levels if
infected individuals are given antiviral pills. Panel (b) illustrates the minimum number
and effectiveness of the antiviral pill so that the number of severe cases will not reach
the threshold at the end of the simulation. For this simulation, we also consider the
extreme case of µ = 0 (without intervention) and µ = 0.81 (µmax).

required minimum number of pills under each µ value to maintain severe cases below
threshold. As expected, as SD policy is eased, more pills will be necessary. The blue
curve in Panel (b) of Figure 6, shows how the SD level can be chosen depending on the
effectiveness of the pill. If the antiviral pill is 89% effective against hospitalization, then
µ = 0.54 < µmin, which means that the policy can be eased to a level that is more
relaxed than SD2. If the antiviral pill is ineffective against Omicron, µ should be at
least 0.67, which corresponds to an SD level stricter than GR.

Discussion

Until December 2021, the characteristics of the Omicron variant, such as
transmissibility and severity, remain uncertain [37,41,42]. Mathematical modelling is an
effective tool in investigating possible scenarios in these uncertain situations. Through
our modelling study, we analyze the effects of booster shots, antiviral therapy, and NPIs
that the Korean government may consider to control the spread of new variants.

The rise in the daily confirmed cases observed in July was influenced by the spread
of the Delta variant, which we assumed has twice the basic reproductive number of
pre-Delta variants. The Korean government raised the SD level to SD4 before the
proportion of infections with the Delta variant reached 40%. Despite of the SD4, the
reproductive number during early SD4 increased to more than one since the proportion
of the Delta variant soared to more than 80%. When Delta became the dominant
variant in Korea and µ(t) value was kept high, the reproductive number fell below one.
However, the reproductive number increased to about 1.1 in mid-September, around the
Korean Thanksgiving Day celebration. At the end of SD4, the reproductive number
jumped to 1.4 because of Halloween and anticipation of the scheduled easing of SD
policy on November 1.

Although the average µ(t) values in SD2 and GR phases are similar (see Table 1),
the average reproductive number in GR is larger than in SD2 since Delta was dominant
during GR but not during SD2. Consequently, daily confirmed cases increased from
about 2,000 to 7,000 within 40 days during GR compared to about 400 to 1000 cases
within 130 days during SD2. Similarly, the average value of µ(t) during SGR is similar
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to SD4, yet the number of infections seems to be decreasing during SGR, unlike in the
fourth wave that occurred in July. Possible reasons for this difference are that the SD
was enhanced before the proportion of Omicron cases reached 1%. Also, more than 95%
of the adult population had already been vaccinated by December 2021, and more than
400,000 booster shots are continued to be administered daily. Hence, the cases did not
increase even though the basic reproductive number of Omicron is assumed to be 1.3
times higher than that of Delta and the effectiveness of vaccines against Omicron is
reduced by more than 30%. However, if the SD policy is eased and the proportion of
Omicron increases, cases may rise again.

From July 12 to December 18, 2021, Delta became the dominant variant and the
proportion of BTI increased to more than 60%. By December 18, 2021, one-fourth of
uninfected individuals have waned immunity. As more people were given booster shots
from December 18, 2021 to January 16, 2022, the proportion of fully protected
individuals increased by 10% while the proportion of waning group is reduced by 13%.
As a result, the proportion of BTI only increased by 2%. From January 16 to February
28, 2022, Omicron may become the dominant variant. Because the effectiveness of
booster shots against Omicron is lower than Delta, the proportion of BTI is projected
to increase.

If µ(t) = 0.65 (GR) and at least 64% of the population is fully protected, then R(t)
will be less than one (refer to Equation 1). However, by the end of our forecast period,
the proportion of people with full protection is less than 40%. Moreover, one-fourth of
infections are unvaccinated individuals. Hence, booster shots to those whose immunity
waned and primary shots to those who remained unvaccinated should be encouraged to
reduce Omicron infections. Since the vaccination coverage of adults in Korea is at 96%,
then the majority of unvaccinated individuals are underage [43]. The government may
consider vaccinating the underage group once safe and effective vaccines are available.

Results in Figure 4 suggest that vaccination reduces the probability of severe
infections and as SD is enhanced, BTI and non-BTI can be minimized. Although both
µ = 0.73 (SGR) and µ = 0.81 scenarios with 450,000 daily administered booster shots
indicate that the number of daily cases and severe patients are still below threshold
values by February 28, 2022 (see Figure 3), the model’s trend is still increasing when
µ = 0.73 but decreasing when µ = 0.81. This suggests while keeping a high level of
population immunity is important, maintaining enhanced NPIs is also necessary to
suppress the number of Delta and Omicron infections. Simulations in Figure 5 suggest
that if the severity of Omicron is reduced and booster shots with high effectiveness
against Omicron infection are used, then SD policy can be relaxed. Hence, the
availability of Omicron-specific booster shots [38] to the population would be crucial in
easing restrictions.

Since Pfizer COVID-19 antiviral pills are already being deployed in Korea [20], the
proportion of severe cases may be further reduced. Our simulations show that if
antiviral pill is provided to COVID-19 patients, severe cases is reduced and SD policy
can be eased. However, a more relaxed policy translates to more cases and hence,
procurement of more pills. Considering a limited supply amidst global competition, our
model can be used as a guide to determine the appropriate level of SD given the
constraint on the availability of pills. Should the government decide to implement GR
policy, the number of cases will soar. However, with the vaccine and antiviral therapy
interventions, the number of severe cases can be manageable.

Our study does not take into account age-related differences in disease severity and
prioritization in vaccination. An age-structured model would entail age-specific
Omicron data which are insufficient as of writing. Since there is still uncertainty on the
basic reproductive number and severity of Omicron, and vaccine effectiveness against
Omicron, ranges of values related to these parameters based on initial studies were
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considered when the scenarios on different µ(t) and number of daily administered
booster shots were simulated. In our forecasts, we assume that the SD policy on January
16, 2022 is continued and the value of µ(t) is the same from January 17 to February 28,
2022. Changes in people’s contact patterns during holidays such as the Lunar New Year
are not considered. Our model assumes that all infected individuals receive the pill and
does not consider prioritization on antiviral therapy. A further study on antiviral pill
allocation is an interesting research direction. Although our proposed model is only
applied to Korea, it is general enough that it can also be used to other countries.

In summary, we have presented a model that describes the dynamics of the infected
and uninfected population as vaccination rolled out, variants emerged, and SD policies
changed. Our forecasts suggest that in the next two months, most of the cases in Korea
will be caused by Omicron. The model shows that as the vaccine-induced immunity
wanes, the proportion of BTI increases. Moreover, the results indicate that booster
shots offer added protection against infection and reinfection, and highly effective
vaccines can reduce the number of severe cases. The unvaccinated population is more
vulnerable to infection, given that they do not have added protection against severity.
In addition to NPIs, administration of vaccines and booster shots to as many people as
possible remains a key strategy in easing the effects of the pandemic. Furthermore,
antiviral therapy, if effective, offers further reduction on the number of severe patients.
With the vaccination program and antiviral therapy in place, our study shows that a
return to a more relaxed SD policy is possible.

Materials and Methods

Data

We use the Republic of Korea’s data on vaccination containing the number of primary
doses and booster shots from February 26, 2021 to January 16, 2022 [35,36,44]. The
proportion of administered vaccine type are applied to the calculation of model
effectiveness [45]. We aggregated the daily number of confirmed cases, seriously-ill
patients, and deaths, from the Korea Disease Control and Prevention Agency (KDCA)
reports, excluding confirmed cases in Lazaretto [19]. Data on the proportion of BTI
among confirmed cases with pre-Delta, Delta, and Omicron variants were obtained from
KDCA [18,19].

Mathematical Model

We use an SEIR model to describe the transmission of COVID-19 considering the
variants, vaccination, waning, and booster shots. The model diagram in Figure 7 shows
that once susceptible individuals S are vaccinated, then they are categorized into
effectively (V ) or ineffectively (U) vaccinated groups. The parameter θ denotes the
number of primary doses of vaccines administered daily, according to available data. We
assume that individuals in U cannot get immunity from vaccines. After an average of
1/ω days, individuals in V become protected (Pj) against pre-Delta, Delta, or Omicron
variants. Here, j = 1, 2 or 3 denote infection with pre-Delta, Delta, and Omicron,
respectively. We assume that individuals who are fully protected from Omicron are also
protected from the other variants, and individuals who are fully protected from Delta
are also protected from the pre-Delta variants. Individuals in P1 may be infected by
Delta or Omicron variants. As the immunity provided by vaccines wanes over time, the
protected individuals move to the W compartment at a waning rate τvj . When
individuals in W receive booster shots, they move to the Vb compartment and become
protected again after an average of 1/ωv days. Similarly, θv represents the number of
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Figure 7. The model flowchart describing the transmission of the COVID-19 considering
different variants, vaccination, waning, and booster shots.

daily administered booster shots according to the data. We assume that only q% of θv
are actually administered to the W group and the rest are given to individuals in U .
The parameters ei and eb,j denote the adjusted effectiveness of primary and booster
doses, respectively. Vaccine-induced immunity is assumed to wane exponentially. The
calculated values of ei, eb,j , ω, τv,j , and f are shown in Table 2 and the details of the
calculation are given in Supplementary A.

Individuals in the susceptible and vaccinated compartments may be exposed
(Ej , EU,j , EP,j) to any of the variants with forces of infection λj(t). The expression
1− µ(t) in λj(t) accounts for the reduction in transmission induced by NPIs such as
social distancing. The basic reproduction numbers of pre-Delta, Delta, and Omicron are
denoted as R0, Rδ

0, and Ro
0, respectively. Exposed individuals become infectious

(Ij , IU,j , IP,j) after 1/κj days on average. For all variants, we assume that vaccinated
infectious hosts have reduced transmissibility, with a reduction rate η, compared to
unvaccinated infectors. We assume that the value of η is 23% for Delta and 4.3% for
Omicron [46]. Once confirmed, infectious individuals are isolated and classified as mild
(Qm

j , Q
m
U,j , Q

m
P,j) or severe (Qs

j , Q
s
U,j , Q

s
P,j). A quarantined individual either recovers
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(Rj , RU,j , RP,j) after 1/γ
m or 1/γs days on average, or dies (Dj , DU,j , DP,j) from the

disease with fatality rate f . Because vaccination protects against getting severe, the
proportion of severe cases pj is reduced by a factor es. Individuals who recover from the
disease develop natural immunity against COVID-19 until their immunity wanes. In this
study, we set the natural recovery waning period 1/τn as 4 months [47–50]. The model
parameters are listed in Table 2 and the model equations are in Supplementary B.

Symbol Description (units) pre-δ δ o Ref.

R0,R
δ
0,R

o
0 Basic reproduction number 3.17 6.24 8.12

[37, 51,
52]

1/κj Mean latent period (days) 4 2 2 [53,54]

1/α Mean infectious period (days) 6 6 6 [54,55]

pj Proportion of severe cases 2.28% 2.28% 1.82%∗ [42, 56]

f Mean fatality rate among severe
cases

43.9%† 43.9%† 43.9%† [44, 56]

1/γm Mean duration of hospitalization
for mild cases (days)

11.7 11.7 11.7 [57, 58]

1/γs Mean duration of hospitalization
for severe cases (days)

14∗ 14∗ 14∗ [59, 60]

τn Mean waning rate of
infection-induced immunity

(1/day)

1/120 1/120 1/120 [47–50]

τv,j Mean waning rate of
vaccine-induced immunity

(1/day)

1/297† 1/297† 1/109† [45, 61]

ej Adjusted effectiveness of mRNA
and viral vector vaccines

84.8%† 84.8%† 53.2%† [45, 61]

eb,j Adjusted effectiveness of booster
vaccines

96.0%† 96.0%† 66.8%† [45, 61]

es Vaccine effectiveness against
severe infections

73% 73% 73% [56]

η Vaccine-induced reduction in
transmission

23% 23% 4.2% [46]

1/ω Mean duration to have immune
after normal vaccines (days)

40† 40† 40† [45, 61]

1/ωb Mean duration to have immune
after booster vaccines (days)

21 21 21 [61]

1/epill Effectiveness of antiviral pills
against severity

89% 89% 89% [39]

Table 2. All symbols and values used in the mathematical model. The subscript
j = 1, 2, 3 refers to infection with pre-Delta, Delta, and Omicron variants, respectively.
(* : assumed value, † : calculated value)
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Parameter Estimation

The time-dependent parameter µ(t) is fitted by minimizing the square error of the

cumulative number of cases using the model
∫ 3∑

j=1

α(Ij + IU,j + IP,j) and aggregated

data from February 26, 2021 to January 16, 2022 from the KDCA presses [35, 36,44].
We assume that the value of µ(t) changes every two weeks. The least-squares
formulation is solved using the MATLAB built-in function lsqcurvefit. The initial
values of individuals exposed to Delta and Omicron variants when the first cases of each
variant are confirmed are set to 1 and 100, respectively. These are estimated by fitting
the model to the available data on the proportion of variants among confirmed
cases [18, 19]. We set the date of first confirmed case of the Delta and Omicron variants
to April 27, 2021 and November 24, 2021, respectively [62–64].

The effective reproductive number R(t) is calculated using next generation
method [65,66]. We obtain

R(t) =R0(1− µ(t))
S + V + U +W + Vb

N

I1 + η(IU,1 + IP,1)
3∑

j=1

(Ij + IU,j + IP,j)

+

Rδ
0(1− µ(t))

S + V + U +W + Vb + P

N

I2 + η(IU,2 + IP,2)
3∑

j=1

(Ij + IU,j + IP,j)

+

Ro
0(1− µ(t))

S + V + U +W + Vb + P + Pδ

N

I3 + η(IU,3 + IP,3)
3∑

j=1

(Ij + IU,j + IP,j)

. (1)

Modelling Scenarios

Based on the model, the uninfected population can be divided into five groups: fully
protected against all the variants (P3), partially protected against the variants (P1, P2),
vaccine waned population (W,Vb), ineffectively vaccinated (U), and unprotected (S, V ).
The infected groups are divided according to variant and whether it is BTI or non-BTI.
We look at the dynamics of the proportions of the uninfected and infected groups as
more individuals were vaccinated with primary and booster doses, and as the variants
emerged.

From the data-fitted values of the time-dependent parameter µ(t), we denote as
µmax and µmin the highest and lowest values of µ(t) and associate these values to strict
and eased SD policies, respectively. We perform simulations from January 17 to
February 28, 2022, to predict the number of daily cases and severe patients by varying
µ, representing different SD levels. We also examine the effect of booster shots on the
daily cases and number of severe patients by varying the number of daily booster shots
administered from January 17, 2022 and assuming different levels of SD. We set the
threshold for the number of daily cases and severe beds to 7,828 and 2,145, respectively,
which correspond to the maximum recorded daily cases and available number of severe
beds in Korea. Furthermore, we calculate the proportion of infections from the
vaccinated and unvaccinated populations considering different SD levels by the end of
the forecast period.

Simulations are also performed to examine the impact of Omicron’s transmissibility,
disease severity relative to Delta, and effectiveness of booster shots against Omicron to
the maximum number of daily cases and severe patients under different assumptions on
the level of SD. Until December 2021, there is limited information on the basic
reproductive number of Omicron. Early studies suggest that Omicron is more
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transmissible than Delta (Ro
0 > Rδ

0) [3] and that Ro
0 could be 1.3 times Rδ

0 [37]. In the
simulations, we consider values of Ro

0 ∈ [0.5Rδ
0, 2R

δ
0]. Since the severity of COVID-19

caused by Omicron may be different compared to Delta [67] or can be reduced by an
effective antiviral pill, we consider values of p3 from 0% to 100%. Recent studies have
estimated the effectiveness of booster shots in preventing Omicron infections [7, 68, 69]
but these values may change as more data are studied. Although preliminary studies
suggest that booster shots may not be as effective against Omicron compared to Delta,
Omicron-specific booster shots [38] maybe soon available which can increase the
effectiveness of vaccines. Hence, booster shot effectiveness against Omicron is varied
from 0% to 100%.

Since the Korean government started to administer COVID-19 antiviral pills [20], we
also predict the number of severe cases by February 28, 2022 if infected individuals are
given antiviral therapy. We assume that the effectiveness of the drug against severity is
89% [39]. We incorporate this into the model by multiplying the expression (1− 0.89)
to the proportion of severe cases pj . Under different assumptions on drug effectiveness,
the minimum number of antiviral pills necessary to keep the number of severe patients
below the threshold is calculated as 10 times the expected number of severe patients
without antiviral pills.
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