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Abstract. Early vaccination efforts and non-pharmaceutical interventions (NPIs) were insufficient to
prevent a surge of COVID-19 cases triggered by the Delta variant. A compartment model that includes
age, vaccination, and variants was developed. We estimated the transmission rates using maximum
likelihood estimation, and phase-dependent NPIs according to government policies from 26 February
to 8 October 2021. Simulations were done to examine the effects of varying dates of initiation and
intensity of eased NPIs, arrival timing of Delta, and speed of vaccine administration. The estimated
transmission rate matrices show distinct patterns, with transmission rates of younger groups (0–39
years) much larger with Delta. Social distancing (SD) level 2 and SD4 in Korea were associated with
transmission reduction factors of 0.63–0.70 and 0.70–0.78, respectively. The easing of NPIs to a level
comparable to SD2 should be initiated not earlier than 16 October to keep the number of severe
cases below Korea’s healthcare capacity. Simulations showed that a surge prompted by Delta can
be prevented if the number of people vaccinated daily or SD level when Delta arrived was higher.
The timing of easing, intensity of NPIs, vaccination speed, and screening measures are key factors in
preventing another epidemic wave.
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1. Introduction
The coronavirus disease 2019 (COVID-19) is an ongoing pandemic caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). The rise in the number of COVID-19 cases observed worldwide around
July 2021 can be attributed to the emergence of the Delta variant of SARS-CoV-2 [19]. The Delta variant
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significantly reduced the effectiveness of vaccines to symptomatic infection to about 50–70% compared to the
Alpha variant [15, 32]. Nevertheless, these vaccines are reported to still be effective against severe disease,
hospitalization, and death [1, 15].
To mitigate the spread of COVID-19, on top of vaccination, various non-pharmaceutical interventions (NPIs),
such as social distancing (SD), are implemented concurrently. In Korea, a four-level SD plan has been implemented since July 2021. The plan outlines the number of persons allowed in a gathering and operational
guidelines of shops, restaurants, gyms, pubs, concert halls, sports stadiums, and other commercial facilities. On
12 July 2021, SD level has been raised to the highest level (SD4) to combat the fourth wave of COVID-19 in the
Republic of Korea. As of 29 October 2021, there were 360 536 confirmed cases and 2817 deaths of COVID-19
in Korea [12].
Vaccination in Korea began on 26 February 2021 and priority was given to the healthcare workers and elderly.
The vaccination plan proceeded according to age, starting with the older age group [12]. Several types of vaccines
have been administered, mostly BNT162b2 and ChAdOx1 [12]. Meanwhile, the first case of a local community
transmission in Korea with the Delta variant was reported on 27 April 2021. The number of cases has steeply
increased since then and by September 2021, the proportion of the Delta variant among the genome-sequenced
COVID-19 cases in Korea is almost 100% [6].
Deterministic models of COVID-19 which incorporated NPIs have been utilized in other studies [20, 28, 38,
40]. Transmission of COVID-19 in various countries has also been successfully described using a deterministic
framework [17, 18, 26, 35, 39, 44]. For instance in [26], the age-structured model captured key epidemic features
in the UK during the early COVID-19 epidemic in 2020. The model was used to assess the impact of different
levels of relaxation of NPIs to epidemic progression, provide short- and long-term predictions, and support for
evidence-based policymaking.
The key factors leading the epidemic of COVID-19 recently are vaccination, variants of the virus, and implementation of SD. In this study, we developed an age-structured compartment model that captures COVID-19
transmission with the Delta and non-Delta variants among vaccinated and unvaccinated people. Transmission
rates between age groups before and during the period when Delta became the dominant variant of SARS-CoV-2
infections are estimated using maximum likelihood estimation (MLE), which is a preferred parameter estimation and inference tool in statistics [29, 30]. Furthermore, we quantify NPIs according to government policy and
present scenarios that investigate the impact of timely vaccination, effective NPIs, and early detection of cases.

2. Materials and methods
2.1. Mathematical model
The model we develop is an extension of the models in [29, 30] to include age-specific transmission rates of the
Delta and non-Delta variants. The dynamics of infection with the Delta or non-Delta variants follows an SEIQR
scheme, where the subscripts i and v refer to age group and vaccination, respectively, and the superscripts
nonδ or δ refer to whether the infection is with the non-Delta or Delta variant, respectively. Compartments for
individuals who are vaccinated effectively (V ) or ineffectively (U ), and then developed partial (P part ) or full
immunity (P f ull ) are also considered.
The population is divided into eight age groups: those aged 0–17 are referred to as group 1, 18–29 as group
2, and those aged 30–39, 40–49, and so on until 80 and above, are groups 3–8, respectively. The model diagram
depicted in Figure 1 shows that susceptible (S) and vaccinated individuals (V, U, P part ) may be exposed (E) to
non-Delta or Delta variants with a force of infection λ(t), and become infectious (I) after 1/κnonδ or 1/κδ days.
Here we assume that the latent period of infection with the Delta variant is shorter than the non-Delta variant
[42, 43]. Once confirmed, infectious individuals are isolated and categorized as mild (Qm ) or severe (Qs ), and
eventually recover (R) or die.
The following system of ordinary differential equations describes the developed age-structured model
dSi
= −(λnonδ
+ λδi )Si − νi ,
i
dt
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Figure 1. The model flowchart describing the transmission of COVID-19 with the non-Delta
or Delta variants. The susceptible class of age group i, denoted by Si , can be exposed to the
non-Delta or Delta variants (Einonδ , Eiδ ) with forces of infection λnonδ
or λδi , respectively. The
i
transmission reduction factor µ(t) quantifies the NPIs according to government policy. Also,
Si can become effectively Vi or ineffectively Ui vaccinated, depending on the daily number of
vaccinated individuals νi , and vaccine effectiveness to the non-Delta variant epart
. Individuals
i
in Vi become partially Pipart or fully protected Pif ull from infection after 1/ωi days on average,
nonδ
δ
or may be exposed to the non-Delta or Delta variant (Ei,v
, Ei,v
). Vaccine effectiveness to the
f ull
Delta variant is denoted by ei . The mean latent period of the non-Delta and Delta variants
are 1/κnonδ and 1/κδ days, respectively. The mean infectious period is 1/α days. Those in the
nonδ
nonδ
infectious classes (Iinonδ , Iiδ , Ii,v
and Ii,v
) are isolated as soon as confirmed, and are classified
m
m
s
s
as mild (Qi , Qi,v ) or severe (Qi , Qi,v ). Individuals in the isolated compartments may die or
recover (Ri ) after 1/γ days on average. The parameters pi , pi,v represent the proportion that
becomes severe and fi , fi,v are the mean fatality rates of the unvaccinated and vaccinated
individuals, respectively.

 nonδ
dEiδ
dE

nonδ nonδ
 i
= λnonδ
S
−
κ
E
,
= λδi Si − κδ Eiδ ,
i
i
i
dt
dt
nonδ
δ
dEi,v

 dEi,v = λnonδ (U + V ) − κnonδ E nonδ ,
= λδi (Ui + Vi + Pipart ) − κδ Eiδ ,
i
i
i
i
dt
dt
 nonδ
dIiδ
dI

 i
= κδ Einonδ − αIinonδ ,
= κnonδ Eiδ − αIiδ ,
dt
dt
nonδ
δ
dIi,v

 dIi,v = κnonδ E nonδ − αI nonδ ,
δ
δ
= κδ Ei,v
− αIi,v
,
i,v
i,v
dt
dt
 m
dQ
dQsi

 i = α(1 − pi )(Iinonδ + Iiδ ) − γQm
= αpi (Iinonδ + Iiδ ) − γQsi ,
i ,
dtm
dt
dQ
dQsi,v

nonδ
δ
nonδ
δ
 i,v = α(1 − pi,v )(Ii,v
+ Ii,v
) − γQm
= αpi,v (Ii,v
+ Ii,v
) − γQsi,v ,
i,v ,
dt
dt
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dRi
s
m
s
= γ(Qm
i + (1 − fi )Qi + Qi,v + (1 − fi,v )Qi,v ),
dt
dUi
= (1 − epart
)νi − (λnonδ
+ λδi )Ui ,
i
i
dt
dVi
= epart
νi − (λnonδ
+ λδi )Vi − ωi Vi ,
i
i
dt
!
dPipart
efi ull
= 1 − part ωi Vi − λδi Pipart ,
dt
ei
efi ull
dPif ull
= part
ωi Vi ,
dt
ei
where the forces of infection λnonδ
and λδi are defined as
i
λnonδ
(t) = (1 − µ(t))
i

8
X

nonδ
βij

j=1

λδi (t) = (1 − µ(t))

8
X
j=1

δ
βij

nonδ
Ijnonδ + Ij,v
,
N

δ
Ijδ + Ij,v
,
N

nonδ
δ
µ(t) is the phase-dependent, transmission reduction factor accounting for NPIs, βij
and βij
are the
transmission rates between age groups, and

N=

8 
X


nonδ
δ
nonδ
δ
Si + Einonδ + Eiδ + Ei,v
+ Ei,v
+ Iinonδ + Iiδ + Ii,v
+ Ii,v
+ Ri + Ui + Vi + Pipart + Pif ull .

i=1

The age-specific, vaccine-dependent parameters epart , ef ull , and ω were calculated based on the proportion of
an age group vaccinated with either ChAdOx1 or BNT162b2, effectiveness of one or two doses of these vaccines
against the Delta and non-Delta variants, and interval between doses. We used the vaccine effectiveness of two
doses of ChAdOx1 or BNT162b2 to the non-Delta and Delta variants from [32] (see Table A.1 in Appendix A)
to calculate epart and ef ull . Data on the types of administered vaccines and ages of individuals vaccinated from
26 February to 8 October 2021 were accessed from [5, 10]. Table A.2 in Appendix A shows the proportions of
those administered with ChAdOx1 among the vaccinated in each age group. Since we assumed that only two
types of vaccines were administered during this period, the proportions who received BNT162b2 can be inferred
from the table. Furthermore, the average intervals between doses of ChAdOx1 and BNT162b2 were set to 11
and 4 weeks, respectively, following the Korea Disease Control and Prevention Agency (KDCA) policy [9], and
two more weeks were added to these intervals to compute for the average duration to full immunity (1/ω). More
details on the calculation of epart , ef ull , and ω are in Appendix A.
The age-specific mean fatality rates (f, fv ) and proportion of severe cases (p, pv ) for the unvaccinated and
vaccinated groups were available from KDCA reports [7, 8].
The transmission rates β for the Delta and non-Delta variants were estimated using MLE from COVID-19
case data including age, date of diagnosis by PCR test, and date of symptom onset from 26 February to 10
September 2021 provided by the KDCA. The parameter µ(t), which takes a value between 0 and 1, quantifies the
NPIs according to government policy. Its value was estimated from the cumulative case data using least-squares
fitting. A µ value close to 1 means stricter NPIs while a value close to 0 means more relaxed policies. Data on
the number of individuals vaccinated per day (η) is available in [2]. Tables 1 and 2 summarize the age-specific
and non-age-specific model parameters and their values.
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Table 1. Non-age-specific parameters of the model.
Symbol
nonδ

1/κ

1/κδ
1/α
1/γ

Description

Value

Reference

Mean latent period of the
non-Delta variant
Mean latent period of the Delta
variant
Mean infectious period
Mean duration of isolation
(hospitalization)

4 days

[42, 43]

2 days

[42, 43]

6 days
20 days

[27, 43]
[31]

Table 2. Age-specific parameters of the model calculated using data from [5, 9] and vaccine effectiveness from [32]. The age-specific fatality rates and severity for the vaccinated and
unvaccinated groups were available from KDCA reports [7, 8].

Symbol
pi
pi,v
fi
fi,v
epart
i
efi ull
1/ωi

Description

Proportion of unvaccinated
group i that becomes
severe
Proportion of vaccinated
group i that becomes
severe
Mean fatality rate of
unvaccinated group i
(1/day)
Mean fatality rate of
vaccinated group i (1/day)
Vaccine effectiveness to
non-Delta
Vaccine effectiveness to
Delta
Mean interval from first
dose to immunity (1/day)

Age group
4
5

1

2

3

6

7

8

0

0

0.01

0.02

0.04

0.07

0.13

0.26

0

0

0

0.01

0.01

0.03

0.02

0.05

0

0

0

0

0

0.01

0.06

0.20

0

0

0

0

0

0.01

0.06

0.20

0.94

0.93

0.91

0.9

0.91

0.76

0.83

0.92

0.88

0.87

0.85

0.84

0.85

0.69

0.76

0.86

33.26

34.18

37.85

39.69

37.24

61.73

50.10

36.63

2.2. Maximum likelihood estimation
We apply MLE to estimate the transmission rates of the Delta and non-Delta variants between age groups
by considering two periods. Transmission rates of the non-Delta variant were estimated from the period 26
February to 30 June 2021, while the data from 1 August to 10 September, when the proportion of cases with
the Delta variant was over 80%, were used to estimate the transmission rates for the Delta variant [16].
To establish the likelihood function to be optimized, we first divide each age group into three subgroups to
distinguish COVID-19 outcomes: infected (ΛIi ), unvaccinated and uninfected (ΛSi ), and effectively vaccinated
and uninfected (ΛV i ), where i indicates the age group. Let βXY be the transmission rate from age group Y
to X. Assuming a homogeneous mixing of the population, and that the transmission events are exponentially
distributed, the probability that an individual x in subgroup Λ at the time t − 1 is still uninfected until the
next time t is given by
 P

j βij Ij (t − 1)
pS,Λ,x (t) = exp −
,
N
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where Ij (t − 1) denotes the number of hosts in group j which can spread the disease at time t − 1, and N is the
total population. We can set N as a constant because the number of isolated individuals (or deceased) is less
than 0.02% of the population. On the other hand, the probability that an individual x in group Λ is uninfected
at the time t − 1 but becomes infected at t is

 P
βij Ij (t − 1)
.
pI,Λ,x (t) = 1 − exp −
N
Hence, an individual who stays uninfected until final time tf has probabilities pS,Λ,x (t) at each time until tf . In
addition, an individual can be vaccinated at time tV i,x , have immunity after te,i days, and stay uninfected until
final time tf . An individual infected at time tIi,x has probabilities pS,Λ,x (t) until tIi,x − 1 and pIi,Λ,x (tIi,x ).
The likelihood function L is formulated as
Y
L=
(L1,i · L2,i · L3,i ) ,
i

where
L1,i =

Y

tf
Y

x∈ΛSi

t=0


L2,i =

!
pSi,x (t) ,

Y


pS,ΛV i ,x (t) ,

t=0

x∈ΛV i
tIi,x −1

L3,i =



min{tf ,tV i,x +te,i }

Y

Y

Y

x∈ΛIi

t=0

!
pS,ΛIi ,x (t) pI,ΛIi ,x (tIi,x ).

By taking the logarithm of L and using the optimization toolbox in MATLAB, we obtain a matrix containing
the transmission rates of the Delta and non-Delta variants between age groups.

2.3. Parameter bootstrapping and sensitivity analysis
In this study, we perform parameter bootstrapping for the estimated NPIs-related reduction factors (µ(t)).
Parameter bootstrapping is a statistical technique for quantifying uncertainty and constructing confidence intervals of estimated parameters. The algorithm generates large samples of synthetic data sets using the estimated
model parameters assuming a certain probability distribution structure. Here we adopt the algorithm introduced
in [23]. We sampled 10,000 synthetic data sets having Poisson distribution and the parameters are re-estimated
from the generated data sets. The means, medians, standard deviations, and 95% confidence intervals of the
re-estimated parameters are calculated.
Mathematical models contain various input parameters wherein each parameter affects the model outputs.
Sensitivity analysis can be implemented to measure the correlation between parameters (input) and model
output (such as number of cases). The partial rank correlation coefficient (PRCC) is one of the most reliable
sensitivity analysis methods and can be applied when the input and output has nonlinear but monotone relation
[34]. Further description about the algorithm for calculating PRCC is presented in [34].
Six epidemiological parameters were selected for PRCC, the factors for the transmission rates of the nonDelta and Delta variants (β nonδ , β δ ), mean latent period of the non-Delta and Delta variants (1/κnonδ , 1/κδ ),
mean infectious period (1/α), and severity rate adjusting constant (p). Note that there are eight transmission
rates each for the non-Delta and Delta variants, and severe rates pi , one for each age group. The parameter p
is a constant factor that affects each pi . For example, if p is 0.5, this means that the severity rates for each age
group becomes half of its original value. In the same way, the parameters β nonδ and β δ are the factors affecting
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transmission rates. We set the input parameters to be uniformly distributed on a bounded range, and sampling
was performed independently. The cumulative numbers of incidence and severe cases from 20 days to 220 days
(t = 20 to t = 220), and every 20 days after the start of the simulation, are considered as model outputs. The
PRCC method was performed 10,000 times. Note that the arrival time of the δ variant in the local community
is 52 days after the initiation of simulation.

2.4. Normalization of the transmission rate matrices and the effective reproductive
number
Various NPIs, including SD, were implemented by the government during the periods used in estimating the
transmission rates. To exclude these phase-dependent components and distinguish the transmission rates from
the reduction factor due to NPIs µ(t), we normalize the transmission rate matrices. Let the transmission rate
nonδ
δ
matrices estimated from 26 February to 30 June and from 01 August to 10 September be Mest
and Mest
,
nonδ
respectively. First, calculate the reproductive number of COVID-19 using Mest via the next-generation matrix
method, which is described in Appendix B, and denote this as Rnonδ
est . Then the normalized transmission rate
matrix of the non-Delta variant M nonδ is formulated as
nonδ
M nonδ = Mest

Rnonδ
0
,
Rnonδ
est

where Rnonδ
, equal to 3.17, is the basic reproductive number of COVID-19 estimated from various studies
0
before Delta variant became the major strain [21]. Similarly, the normalized transmission rate matrix of the
Delta variant M δ is formulated as
δ
M δ = Mest

Rδ0
,
Rδest

δ
where Rδest is reproductive number calculated using Mest
and Rδ0 = 1.97Rnonδ
[22]. The normalized transmission
0
nonδ
δ
rate matrices, M
and M , are used in this research.
The effective reproductive number Rt is a time-dependent measure of the average number of secondary cases
from a single infectious individual [36]. In this study, Rt is calculated using the next-generation matrix method.
Using the normalized transmission rate matrices, Rt of the non-Delta and Delta variants are 3.17 and 6.24,
respectively, if there are no NPIs and behavior change.

2.5. Modeling scenarios
To examine the impact of vaccination rollout, we extended the model simulation until 30 December 2021 and
analyzed the effect of easing NPIs at different times. Considering that approximately 77% of the population
already have at least one dose, we assumed that 85% of the population is vaccinated by 30 November 2021. We
consider three dates for the initiation of eased NPIs: 8 October, 18 October, and 1 November. For each date,
we simulate three scenarios with different values of the transmission reduction factor µ(t): µ = 0.69 in scenario
1 (S1), µ = 0.64 in scenario 2 (S2), and µ = 0.52 in scenario 3 (S3). The value of µ in S3 was estimated from
the third epidemic wave in 2020, when it was SD1, and is a relatively lower value compared to the µ in S2 [13].
A lower value of µ is associated to more eased NPIs.
We also proceeded with a simulation-based experiment to study the effects of varying the speed of vaccination,
arrival timing of the Delta variant, and intensity of NPIs. The initial condition in the simulations is identical to
26 February 2021 in Korea and the simulation time is set to 365 days. The total number of vaccinated people
is assumed to be 40 million, which is approximately 78% of the population in Korea, and the number of people
vaccinated daily is set to 150,000, 200,000, or 400,000. Moreover, we fix the order of vaccination from oldest to
youngest, that is, 8-7-6-5-4-3-2, excluding group 1. We denote by tδ the day when the individuals exposed to
the Delta variant arrived in the local community, and we set its range from zero to 80 days. Note that in Korea,
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Figure 2. Estimated transmission rates between age groups in Korea for the (a) non-Delta
variant using data from 26 February to 30 June 2021 and (b) Delta variant using data from 1
August to 10 September 2021.
the date of arrival of the Delta variant corresponds to tδ = 52. We consider values of µ from 0.52 to 0.78 in
0.001 increments. In total, there are 21 141 simulations for the different values of νi , tδ , and µ.

3. Results
3.1. Parameter estimation
The estimated transmission rates obtained using MLE form a matrix according to the age groups. The
transmission rate matrices, visualized in Figure 2, represent the transmission patterns of the non-Delta (a) and
Delta variants (b) in Korea.
We use the normalized transmission rate matrices in estimating µ(t), which is related to the reduction in
transmission induced by NPIs according to government policy. The estimates for µ on each phase from 26
February to 8 October 2021 is shown in Table 3. The phases correspond to the government’s pronouncement on
SD level. Figure 3a shows the plots of the estimates for the reduction factor µ(t) (red curve) with the effective
reproductive number (Rt , blue curve). At the start of the simulation period, Seoul Capital Area was at SD2.
When µ(t) increased from 0.63 to 0.69 around 16 April 2021, Rt decreased to 0.97 and stayed below 1 until
around 16 June. From 16 June to 11 July, µ was estimated at 0.64 and Rt jumped to as high as 1.52. The
exponential rise in the proportion of cases infected with the Delta variant (black solid curve in Fig. 3a) and
daily confirmed cases (Fig. 3b) was also observed on the same period, which prompted the start of the fourth
wave. On 12 July, the Korean government raised the SD level in Seoul Capital Area to SD4. A steep increase in
the cumulative confirmed cases was seen beginning 12 July (Fig. 3c), and the estimates for µ were the highest
from this period until 06 September. At the same time, the proportion of hosts having full immunity (black
dashed curve in Fig. 3a) increased steadily, reaching up to about 50% by the end of the estimation period. On
the last phase, the estimated value of µ was 0.70. The fit of the model to the data on cumulative severe cases
and cumulative deaths are shown in Figure 3d and e.
To illustrate how µ can be used to suggest appropriate SD level, assume that the basic reproductive number
of the disease is five, Delta and non-Delta variants can infect the population, 80% of population is vaccinated,
and vaccine effectiveness is 62.5%. Then without NPIs, Rt = 5 × 0.8 × 0.625 = 2.5. To maintain an Rt below
one, SD2 is appropriate since the minimum estimated value of µ(t) on SD2 was 0.64 and this translates to
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Table 3. Estimates for the phase-dependent, transmission reduction factor µ(t), social distancing (SD) level, and range of effective reproductive number Rt from 26 February to 8 October
2021.
Phase

Period

µ(t)

SD Level

1
2
3
4
5
6
7
8
9
10

26 Feb to 25 Mar
26 Mar to 15 Apr
16 Apr to 3 Jun
4 Jun to 15 Jun
16 Jun to 11 Jul
12 Jul to 25 Jul
26 Jul to 8 Aug
9 Aug to 5 Sep
6 Sep to 19 Sep
20 Sep to 8 Oct

0.63
0.64
0.69
0.70
0.64
0.76
0.76
0.78
0.70
0.70

2
2
2
2
2
4
4
4
4
4

Rt
[1.15,
[1.13,
[0.96,
[0.94,
[1.18,
[1.02,
[1.06,
[0.92,
[1.12,
[0.94,

1.16]
1.14]
0.98]
0.97]
1.52]
1.08]
1.06]
1.00]
1.23]
1.10]

Table 4. Values of the means, medians, standard deviations (SD), and 95% confidence intervals
(CI) of the re-estimates of µ on each of the 10 phases from 26 February to 8 October 2021.
Phase

Estimate

Median of estimates

Mean of estimates

SD

1
2
3
4
5
6
7
8
9
10

0.6323
0.6373
0.6904
0.7030
0.6411
0.7615
0.7641
0.7769
0.7010
0.7006

0.6327
0.6385
0.6904
0.7024
0.6411
0.7613
0.7644
0.7774
0.7004
0.7004

0.6326
0.6388
0.6905
0.7024
0.6411
0.7612
0.7642
0.7773
0.7006
0.7004

0.0005
0.0011
0.0002
0.0010
0.0005
0.0009
0.0010
0.0007
0.0026
0.0045

95% CI
[0.6315,
[0.6373,
[0.6903,
[0.7005,
[0.6400,
[0.7594,
[0.7619,
[0.7758,
[0.6959,
[0.6920,

0.6333]
0.6410]
0.6911]
0.7038]
0.6419]
0.7630]
0.7661]
0.7785]
0.7064]
0.7094]

Rt = (1 − 0.64) × 2.5 = 0.9. On the other hand, if µ = 0.52, which corresponds to the worst case during SD1,
then Rt = (1 − 0.52) × 2.5 = 1.2. Furthermore, SD4 may not be necessary and may aggravate present economic
problems.
In Figure 4, we present the best fit of the model to the data on daily and cumulative cases per age group.
The rise in the number of cases from 16 June 2021 observed across all age groups was followed by the model,
with ages 18–29 having the most and the elderly groups having the least increase. Moreover, the model shows
a peak (460 cases) on 16 August and another peak (527 cases) on 28 September in ages 18–29. Towards the
end of the simulation period, a decreasing trend in the number of cases was observed in most age groups except
ages 0–17, who are not vaccinated.

3.2. Bootstrapping and PRCC results
Figure 5 shows the distribution of the re-estimates of µ on the 10 phases from 26 Feb to 8 Oct 2021. The
values of the means, medians, standard deviations (SD), and 95% confidence intervals (CI) are summarized in
Table 4. We see that in all cases, the means and medians of the re-estimates lie within the 95% confidence
intervals.
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Figure 3. The parameter estimation results obtained by fitting the model to the cumulative
confirmed cases. Panel (a) shows the effective reproductive number (blue), estimates of the
transmission reduction factor µ(t) (red), proportion of the active cases infected with the Delta
variant (black solid curve), and proportion of the total population who has immunity (black
dashed curve). The best fit of the model to the (b) daily confirmed cases, (c) cumulative
confirmed cases, (d) cumulative severe cases, and (e) cumulative deaths are also shown. The
red boxes represent data from 26 February to 8 October 2021.

Figure 6 shows the PRCC values of β nonδ , β δ , 1/κnonδ , 1/κδ , 1/α, and p with respect to the cumulative cases
(left) and cumulative severe cases (right) on different time points. Both plots show a similar trend of PRCC
values except for the parameter p, which is naturally more influenced by the number of severe cases. Table 5 lists
the range of PRCC values and time points (in days) when the maximum and minimum PRCC values occurred
with respect to the outputs cumulative incidence and severe cases. The p−values of the inputs were below 0.01
except for Delta-related parameters before the Delta variant arrived in the local community, and p when the
output is cumulative incidence.
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Figure 4. The best fit of the model to the (a) daily confirmed cases and (b) cumulative
confirmed cases per age group. The boxes represent the data per age group from 26 February
to 10 September 2021.

Figure 5. The distribution of the re-estimates of µ on each of the 10 phases from 26 February
to 8 October 2021.
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Figure 6. Partial rank correlation coefficients (PRCC) for the parameters β nonδ , β δ , 1/κnonδ ,
1/κδ , 1/α, and p every 20 days starting from day 20 until day 220 with respect to the outputs
(a) cumulative incidence and (b) cumulative severe cases.
Table 5. Range of the partial rank correlation coefficients (PRCC) for the parameters β nonδ ,
β δ , 1/κnonδ , 1/κδ , 1/α, and p, and time points (in days) when the maximum and minimum
PRCC (in absolute values) occurred with respect to the outputs, cumulative incidence and
severe cases.
Parameter

Range of PRCC

β nonδ

[0.57, 0.97], incidence
[0.58, 0.95], severe case
[0.00, 0.74], incidence
[0.00, 0.67], severe case
[−0.91, −0.13], incidence
[−0.81, −0.18], severe case
[−0.33, 0.00], incidence
[−0.29, 0.01], severe case
[0.20, 0.91], incidence
[0.11, 0.91], severe case
[−0.01, 0.01], incidence
[0.33, 0.94], severe case

βδ
1/κnonδ
1/κδ
1/α
p

Time point of maximum
absolute PRCC (day)
20,
20,
220,
220,
20,
20,
150,
140,
90,
90,
100,
20,

incidence
severe case
incidence
severe case
incidence
severe case
incidence
severe case
incidence
severe case
incidence
severe case

Time point of minimum
absolute PRCC (day)
220,
220,
20,
20,
220,
220,
80,
30,
20,
20,
220,
130,

incidence
severe case
incidence
severe case
incidence
severe case
incidence
severe case
incidence
severe case
incidence
severe case

3.3. Analysis on the timing of easing the NPIs
Nine scenarios considering different dates of initiation and levels of eased NPIs are displayed in Figure 7. The
red, black, and blue curves, correspond to starting the eased NPIs on 8 October, 18 October, and 1 November
2021, respectively. The solid curves represent S1, dashed curves S2, and dotted curves S3. Panel (a) shows Rt ,
(b) the daily confirmed cases, (c) the number of severe patients requiring hospital beds, and (d) the cumulative
death. The dashed grey curve in panel (c) marks the maximum number of hospital beds (1,067) for severe patients
in Korea [14]. Results show that the worst case scenario is S3 with 8 October as easing time, wherein the peak
number of daily cases, severe patients, and cumulative deaths could reach 8,479, 1,658, and 1,638, respectively.
But if the easing to S3 was started later, on 18 October or 1 November, the peak numbers could be reduced to
4,633 (45% reduction) or 1,963 (77% reduction) for the peak daily cases, 920 (45% reduction) or no increase for
the peak number of severe patients, and 969 (41% reduction) or 549 (66% reduction) for the cumulative deaths,
compared to when the easing was initiated earlier. The rest of the simulations show a decreasing trend of daily
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Figure 7. Results on the effect of easing NPIs at different times. Panel (a) shows the effective
reproductive number, (b) number of daily confirmed cases, (c) number of severe patients requiring hospital beds, and (d) cumulative number of deaths. Colors and shapes of curves indicate
the timing of initiation (8 October, 18 October, and 1 November) and level of eased NPIs (S1,
S2, and S3). Gray dashed line in (c) indicates the number of available beds (1,067) for severe
patients in Korea.
confirmed cases and number of severe patients. The simulations illustrate the importance of the timing of easing
NPIs in preventing the occurrence of another epidemic wave. All scenarios, except the worst case, show that
the number of severe patients did not reach the limit (1,067) of Korea.

3.4. Analysis on the vaccination speed, NPIs, and arrival timing of the Delta variant
Figure 8 displays the simulation results when initial Rt = 1.04 or 1.14, tδ = 52, and νi = 200, 000 or 400, 000.
In panel (a), Rt and the proportion of cases infected with the Delta variant are displayed. The magenta asterisk
indicates tδ = 52. If Rt is initially 1.04, Rt increased further up to 1.29 when νi = 200, 000 (light orange),
while it decreased below one if νi = 400, 000 (light green). Similarly, if initial Rt = 1.14, Rt increased to 1.42
with νi = 200, 000 (dark orange) and decreased below one if νi = 400, 000 (dark green). In panels (b) and
(c), a second peak with more than 21,000 cases and 5,700 severe patients is observed when νi = 200, 000 and
initial Rt = 1.14 (dark orange), whereas no second peak is observed when νi = 400, 000 (green-colored curves).
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Figure 8. The simulation result with initial Rt = 1.04 or 1.14, tδ = 52, and daily number
of vaccination set to 200,000 or 400,000. Panel (a) shows the effective reproductive number,
(b) number of daily confirmed cases, (c) number of severe patients requiring hospital beds,
(d) cumulative number of deaths, (e) age-dependent number of confirmed cases, and (f) agedependent number of deaths. Orange-colored and green-colored curves means that the number
of daily administered vaccines is 200,000 and 400,000, respectively.
Panel (d) shows that the cumulative deaths when νi = 200, 000 can reach more than 1,000 compared to when
νi = 400, 000 (below 300). Panels (e) and (f) display the cumulative number of cases and deaths of each age
group, with 36% of the cases occurring in age group 2 and 58% of the deaths occurring in age group 8 when
νi = 200, 000 and initial Rt = 1.14. These results highlight the effect of the daily number of vaccination to the
occurrence of another epidemic wave.
Figure 9 shows a heat map summarizing the results of the 21,141 simulations. The columns represent the daily
vaccination number (νi = 150, 000, 200, 000, and 400, 000) and the rows correspond to the number of confirmed
cases, deaths, and peak number of severe patients requiring hospital beds. In each panel, the x axis represents
tδ and the y axis corresponds to µ. The dotted red curve in panels (g), (h), and (i) marks the maximum number
of hospital beds (1,067) for severe patients in Korea.

4. Discussion
The transmission rate matrices of the Delta and non-Delta variants obtained in this study were apparently
different among age groups. The transmission rate with non-Delta variant was high between the same age
groups. However, transmission with the Delta variant was much higher among age groups of 18-29 and 30-39,
and an increased transmission was observed between those age groups and age groups of 50-59 and 60-69. These
matrices reflect the distinct epidemiologic characteristic of COVID-19 epidemic after Delta became the dominant
variant of SARS-CoV-2 in Korea: 1) incidence in younger age groups, those in 20s and 30s, increased; 2) and
the major source of transmission moved from group-related or institutional outbreaks to individual contacts
[4, 45]. These results indicate an increased transmission with Delta variant among household contacts, which is
coherent with previous studies [24, 33].
Higher transmission rates with the Delta variant compared to the non-Delta variant were also observed in
the elderly groups, which may have resulted from breakthrough infections in nursing homes and assisted living
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Figure 9. The simulation results of the 21,141 runs. The columns from left to right indicate
the number of daily administered vaccines as 150,000, 200,000, and 400,000, respectively. Panels
(a), (b), and (c) show the number of confirmed cases; (d), (e), and (f) the number of deaths;
and (g), (h), and (i) the peak number of severe patients requiring hospital beds. Note that red
dotted curve in panels (g), (h), and (i) indicates the maximum number of available beds (1,067)
for severe patients in Korea.
facilities [8]. With the absence of vaccination, a much higher transmission rate with the Delta variant was
expected, but was not observed in the youngest age group of 17 years old and below. This phenomenon was
probably a consequence of the Korean government policy on limiting the number of attendance in school to
two-thirds since October 2020 [11]. According to the data, among all the COVID-19 cases of those aged 17 years
old and below in Korea, only about 15% were infected from schools during this period [25].
We also analyzed the reduction in transmission induced by NPIs according to government policies, denoted
by µ(t). SD2 and SD4 in Korea corresponded to µ(t) values from 0.63 to 0.70 and from 0.70 to 0.78, respectively.
Values of µ(t) close to 0.7 may represent SD3 in Korea. Considering the basic reproductive number of a disease,
vaccine effectiveness, and amount of administered vaccines, the fitted values of µ(t) can be an effective measures
of the government policy. This parameter would be informative to the healthcare professionals and policy makers
on designing prevention and control measures for emerging or reemerging infectious diseases.
Bootstrapping results for the parameter µ showed that the re-estimates lie within narrow ranges from the
estimates for the best model fit. Higher PRCC values of the non-Delta-related parameters were observed until
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around day 160, approximately 100 days after Delta variant arrived, after which the Delta-related parameters
became more sensitive with respect to the cumulative incidence and severe cases. The mean infectious period
1/α was shown to be sensitive to both outputs throughout the simulation time, while the factor p is expectedly
more sensitive to the cumulative severe cases than the cumulative incidence.
Considering both the medical and economic impact of NPIs, the Korean government plans to reduce SD,
termed ‘Back to normal or With-Corona’, on 1 November 2021 [14]. Because vaccination and immunization
takes time, we explored the effect of delaying the initiation of eased SD in Figure 7. When SD was eased to a
minimal value (S3), no large-scale re-emergence of infections was observed when S3 was delayed to 1 November,
as opposed to when it was initiated on 8 or 18 October. In other words, gradually easing NPIs might be necessary
when implementation is earlier. For example, in Korea, the maximum number of people allowed in a private
gathering after 6:00PM became four (ten for fully vaccinated) from two since 18 October, although SD remained
at SD4 [3].
In our simulations on the effects of vaccination and NPIs, the larger reduction of transmission factor (µ(t))
and faster vaccination rollout or earlier implementation of stricter NPIs (e.g., expanding genomic testing to
people entering from high-risk countries or elevating SD) resulted in less incidence, severe cases, and deaths. We
are aware that the supply of vaccines is not enough globally, but fast administration of vaccines can block the
occurrence of another wave. In other words, epidemic can be controllable and stable if the vaccination speed is
faster.
There are several limitations of this research. First, the contact pattern in the transmission rate matrices
already considers NPIs and might be not identical to the contact pattern before COVID-19, necessitating the
normalization done on the matrices. For example, the transmission rate among those aged 0–17 might be
underestimated because of restricted attendance in schools. Second, vaccine waning is not considered. However,
booster shots are administered and vaccine hesitancy remains low in Korea, which mean that the effect of
administered vaccines might be maintained [37]. Third, our age-age matrix focused on the Delta variant, and we
were not able to examine transmission of other previous variants. The coverage of genomic surveillance among
COVID-19 cases in Korea has steadily increased, and it covers about 30% of all confirmed cases. Therefore,
the number of cases with genomic results before the occurrence of the Delta variant was small to be analyzed
separately by variant types. Our results highlighted the transmission pattern of Delta, which is currently the
dominant variant in most countries.

5. Conclusion
By developing transmission rate matrices based on MLE, this study showed the higher transmissibility of
the Delta relative to the non-Delta variant among various age groups in Korea. The transmission rates were
then used to quantify the effects of simultaneous NPIs and vaccination. The model simulation results emphasize
the importance of concurrently applying interventions, such as SD, screening measures at the entry points, and
vaccination. An epidemic wave can be avoided if a strict SD policy is not relaxed too early. Since the epidemic
is still ongoing, transmission rate of the Delta variant of COVID-19 is high, and oral treatment is not yet
widely available, we suggest that NPIs are still necessary to control the epidemic and reduce the number of
severe cases in order to prevent overwhelming the healthcare system. Model simulations also showed that even
with the same SD level, outcomes may change depending on vaccine administration and emergence of a highly
transmissible variant. If vaccination is slow, then NPIs should be strictly implemented to lessen the medical and
socio-economic burden of COVID-19 to the society.

Ethics approval
The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the
Institutional Review Board of Konkuk University (7001355-202101-E-130)
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Appendix A. Vaccine- and age-dependent parameter values
Table A.1 shows the effectiveness of one and two doses of ChAdOx1 and BNT162b2 to the non-Delta and
Delta variants from [32]. These are the baseline values used to calculate the age-dependent epart
and efi ull shown
i
in Table A.2. The proportions of each age group administered with ChAdOx1 are also shown in Table A.2. The
average interval between doses is set to 11 weeks for ChAdOx1 and 4 weeks for BNT162b2, according to KDCA
policy [9]. We estimated the mean interval from first dose to immunity considering the vaccine effectiveness
from first and second doses.
Let êc,1 and êc,2 (êb,1 and êb,2 ) be the vaccine effectiveness of ChAdOx1 (BNT162b2) from one and two doses,
respectively. Then the expected proportion of vaccine effectiveness of first and second dose among effectively
êb,1
êb,2
êc,2
êc,1
and êc,1 +ê
( êb,1 +ê
and êb,1 +ê
), respectively.
vaccinated hosts with ChAdOx1 (BNT162b2) are êc,1 +ê
c,2
c,2
b,2
b,2
Hence, if P̂c is the proportion of hosts who were administered ChAdOx1 and assuming that the vaccinated hosts
who did not have ChAdOx1 were given BNT162b2, the expected time to have immunity (t̂) is given by
t̂ = P̂c

t̂c,1 êc,1
t̂c,2 êc,2 
t̂b,1 êb,1
t̂b,2 êb,2 
+ (1 − P̂c )
,
+
+
êc,1 + êc,2
êc,1 + êc,2
êb,1 + êb,2
êb,1 + êb,2

where t̂·,1 and t̂·,2 indicate the time (in days) 2 weeks after first and second dose, respectively. Therefore,
t̂c,1 = t̂b,1 = 14, t̂c,2 = 91, and t̂b,2 = 42 days. For example, value of P̂c in age group 5 is 0.13. Considering
vaccine effectiveness of ChAdOx1 and BNT162b2 for non-Delta are êc,1 = 0.487, êc,2 = 0.745, êb,1 = 0.475, and
êb,2 = 0.937, t̂ is estimated as 36.2184. Note that this value is slightly different from the value which was applied
into model because we used the average value of t̂ for non-Delta and Delta in each age group to get 1/ω.
Similarly, age-dependent vaccine effectiveness was calculated using the proportion of hosts who were administered with ChAdOx1 and BNT162b2. Assuming that everyone who is vaccinated will have a secondary dose,

Table A.1. Vaccine effectiveness of ChAdOx1 and BNT162b2 to the non-Delta and Delta
variants depending on the number of doses [32].
ChAdOx1
First dose
Second
dose
Vaccine effectiveness to the non-Delta
variant
Vaccine effectiveness to the Delta
variant

BNT162b2
First dose
Second
dose

0.487

0.745

0.475

0.937

0.300

0.670

0.356

0.880

Table A.2. Proportion of age group i administered with ChAdOx1 from data [5] and the
calculated age-dependent vaccine effectiveness to the Delta and non-Delta variants, and average
duration to develop full immunity.
Age group
4
5

Description

1

2

3

Proportion of age group i
administered with ChAdOx1
epart
i
efi ull
1/ωi (days)

0.00

0.03

0.15

0.21

0.94
0.88
33.26

0.93
0.87
34.18

0.91
0.85
37.85

0.9
0.84
39.69

6

7

8

0.13

0.93

0.55

0.11

0.91
0.85
37.24

0.76
0.69
61.73

0.83
0.76
50.10

0.92
0.86
36.63
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the vaccine effectiveness is obtained as follows,
ei = P̂c êc,2 + (1 − P̂c )êb,2 .

Appendix B. Calculation of the basic reproductive number
The basic reproductive number, denoted by R0 , is the number of secondary cases produced in a completely
susceptible population by an initial infectious individual over the course of its infectious period. In this research,
we used the next generation method [41] to calculate the basic reproductive number with the transmission rate
matrix. Note that the vaccine terms, variant-related model variables, and NPIs-reduction factor are ignored.
The system variables and its derivatives are expressed as vector form as follows;
dS
,
dt
dE
,
E = (E1 , . . . , E8 )t , E0 =
dt
dI
I = (I1 , . . . , I8 )t ,
I0 =
.
dt
S0 =

S = (S1 , . . . , S8 )t ,

Considering the disease-free equilibrium,
S0 = (N1 , . . . , N8 )t ,
E0 = (0, . . . , 0)t ,
I0 = (0, . . . , 0)t ,
where Ni indicate the original population size of age group i. Linearizing the system at the disease free
equilibrium state can be described with a vector derivative form in matrix as follows;
" ∂E0
M=

∂E
∂I0
∂E

∂E0
∂I
∂I0
∂I

#
,

and (S, E, I) = (S0 , E0 , I0 ). Matrix M is divided into two matrices F and V , i.e., M = F − V , where F refers to
the rate of appearance of new infections in the compartments and V refers to the rate of transfer of individuals.
Multiplication of F and V −1 , F V −1 , is as follows,
F V −1 =



T1 T2
,
T3 T4

where each of the blocks T1 , T2 , T3 and T4 are 8-by-8 matrices. The matrices T3 and T4 are zero matrices, while
T1 and T2 indicate the ratio between the inflow and outflow of exposed groups, which is the next generation
matrix G, G = T1 = T2 , then
G[i, j] =

βij Ni
P
.
α
k Nk

The matrix F V −1 has (i, j) entry which is the expected number of secondary infections in i by infector j.
Thus, the basic reproductive number (R0 ) is the spectral radius of F V −1 , written as

R0 = ρ F V −1 .
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