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Introduction: The COVID-19 pandemic has profoundly impacted global health
systems, requiring the monitoring of infection waves and strategies to control
transmission. Estimating the time-varying reproduction number is crucial for
understanding the epidemic and guiding interventions.

Methods: Probability distributions of serial interval are estimated for Pre-Delta
and Delta periods. We conducted a comparative analysis of time-varying
reproduction numbers, taking into account population immunity and variant
differences. We incorporated the regional heterogeneity and age distribution of
the population, as well as the evolving variants and vaccination rates over time.
COVID-19 transmission dynamics were analyzed with variants and vaccination.

Results: The reproduction number is computed with and without considering
variant-based immunity. In addition, values of reproduction number significantly
differed by variants, emphasizing immunity’s importance. Enhanced vaccination
efforts and stringent control measures were effective in reducing the transmission
of the Delta variant. Conversely, Pre-Delta variant appeared less influenced by
immunity levels, due to lower vaccination rates. Furthermore, during the Pre-
Delta period, there was a significant difference between the region-specific and
the non-region-specific reproduction numbers, with particularly distinct pattern
differences observed in Gangwon, Gyeongbuk, and Jeju in Korea.

Discussion: This research elucidates the dynamics of COVID-19 transmission
concerning the dominance of the Delta variant, the efficacy of vaccinations,
and the influence of immunity levels. It highlights the necessity for targeted
interventions and extensive vaccination coverage. This study makes a significant
contribution to the understanding of disease transmission mechanisms and
informs public health strategies.
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1 Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic represents the most significant global health crisis
in recent memory, inflicting an enormous burden on healthcare
systems. Since the COVID-19 patient was first reported in December
2019, decisions to tighten or relax restrictions have become a crucial
aspect of policymaking. Instead of lockdowns, the Korean government
implemented social distancing measures, recommending remote
learning for schools, and telecommuting for work (1, 2).

As COVID-19 has spread globally, nations have adopted a range of
(NPIs)
interventions such as vaccination (3-5). It is crucial to evaluate how these

strategies of non-pharmaceutical and pharmaceutical
political approaches have influenced the spread of the disease and to
forecast the potential impacts of alternative strategies. Numerous studies
forecasted the number of COVID-19 cases using the mathematical
modeling or stochastic approaches (6, 7). Moreover, several studies
incorporated factors like sex, age, and race in predicting COVID-19
cases (8, 9). The characteristics of the two reproduction numbers were
simulated using the Susceptible-Exposed-Infectious-Recovered (SEIR)
model for countries with similar profiles. Rozhnova et al. (10) utilized an
age-structured model for SARS-CoV-2 to analyze hospital admissions
and seroprevalence data from spring 2020. Implementing measures
focusing on reducing contact outside school was proved to be more
effective in reducing time-varying reproduction number (Ry).

The value of R, is defined as the expected number of secondary
cases arising from a primary case infected at time ¢ (11, 12),
summarizes the potential transmissibility of a disease, and indicates
controllability of the epidemic. R; is an important parameter in public
health because it determines the extent of an epidemic. It is a proven,
powerful tool for monitoring and tracking epidemics and guiding
public health restriction adjustments. This study posits that R,
provides an effective way to understand epidemic dynamics during its
evolution, as demonstrated in (13), thus aiding the formation of
national policies and public health interventions.

Typically, R, changes during an epidemic because of various factors
such as the depletion of susceptible individuals, alterations in contact
behavior, seasonal patterns of pathogens, and control interventions
(3-5). Depending on the country and timing, some studies suggest a
significant correlation between climate conditions and the spread (14,
15), while others report minimal or no impact (16, 17). In addition,
Alpha, Delta, and Omicron variants have emerged as globally
dominant strains of the virus (18, 19). Although non-pharmaceuticals
and vaccinations have been implemented, the impact of virus variants
is important for understanding the rapid increase in outbreaks.
Vaccination was found to be a key tool against serious diseases and
deaths, which reduced the burden on medical systems as hospitalization
rates among the older adult decreased sharply (20, 21).

In the present study, we considered immune individuals who have
experienced the infection from COVID-19 or received a vaccination.
The number of individuals with immunity can change over time. Herd
immunity may appear temporarily at the peak of the number of cases
in the early stages of an epidemic, which can help suppress the epidemic.
Due to a significant number of infections and primary and booster
vaccination drives in Malaysia, herd immunity has been achieved within

Abbreviations: COVID-19, coronavirus disease; WHO, World Health Organization;
Crls, Credible intervals; Eqs, Equations; Eq, Equation; Figs, Figures; Fig, Figure.
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the population. Consequently, the value of R, in Malaysia is considerably
lower than that in other countries (22). However, this condition does
not mean that herd immunity will continue indefinitely. Determining
the level of immunity required for group-level inhibition is crucial.
Social measures such as social distancing may help contain future waves
of the pandemic, but the temporary stability will eventually weaken (23).

To estimate Ry, different approaches have been developed and are
broadly categorized into two groups: those based on compartmental
models (3, 24) and those that directly infer the number of secondary
infections per infected individual using a time series of infection
incidence (25-27). For the latter category, Cori et al. (26) proposed the
EpiEstim method in 2013 using renewal equations, which has now
been adopted by numerous studies (12, 27-29).

Serial interval (SI), which refers to the duration between the onset
of symptoms in an infected individual and that in a person they infect,
is a crucial measure for estimating epidemiological parameters, such as
reproduction number, generation time, and attack rate. These
parameters are essential for predicting disease trends and assessing
healthcare requirements. SI is fundamental for calculating the basic
reproduction number (Rp), which signifies the number of secondary
infections resulting from a single infector throughout the entire
infectious period (30). These measures are used to forecast disease
trajectories and healthcare requirements. Previous studies estimated that
the serial intervals of COVID-19 ranged from 3.96 to 5.2 days (30-32).

Previously, R, was estimated using data on the number of reported
cases (26). Existing studies estimated R, by assuming SI to follow
specific set of values (33, 34). However, in this study, we aim to analyze
R, by considering virus variants and vaccinations using SI estimated
from data collected from the Republic of Korea.

2 Methods

We computed the probability distributions of SI using
epidemiological data from Korea. We calculated R, of the COVID-19
variants using the EpiEstim method (26) to understand the impact of
vaccination and the effectiveness of control interventions. Additionally,
we developed a new time-varying reproductive number without
considering immunity (R,). Finally, we compared the two types of
reproduction numbers; R; as the baseline, including immunity, and R,
, without considering immunity. It expands while considering variants
(x) or regional characteristics (g) for each R, and R;.

2.1 Epidemiological data

We analyzed epidemiological data on 30,413,435 reported cases
of COVID-19 in the Republic of Korea from February 26, 2021 to
March 6, 2023, provided by the Korea Disease Control and Prevention
Agency (KDCA) (18). The proportions of the Delta and Omicron
variants among all COVID-19 reported cases were obtained from the
covariance data (35). The time intervals used for our analysis were
categorized into three periods, based on the globally dominant
variants, which are Delta and Omicron, observed (18, 19), summarized
in Supplementary Table S1. In the Republic of Korea, the emergence
of COVID-19 cases with the Delta variant began in April 2021, and by
11 July, 2021, it accounted for more than 50% of the total cases (36,
37). Subsequently, from January 11, 2022, the Omicron variant was
the predominant strain, representing more than 50% of the cases,
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resulting in a rapid increase in the number of COVID-19 cases (38).
Therefore, we designated the three periods as “Pre-Delta” (February
26,2021-July 10, 2021), “Delta” (July 11, 2021-January 10, 2022), and
“Omicron” (January 11, 2022-March 6, 2023), and the time intervals
were labeled as T peta> Tpettar A0d Tomicron> T€SPECtively.

We divided the total population into 17 age groups with interval of
5years, ranging from 0-4 years to 80 years and older. Weekly vaccination
data were extracted for the first, second, and third dose vaccinations
administered to different age groups, as provided by the KDCA (35).
Details on the Korean population size, segregated by age group and
region for the year 2021, were obtained from Statistics Korea (39).

2.2 Estimation of probability distribution of
serial interval

For estimating the probability distributions of the SIs, we first
calculated the number of transmission pairs in the data based on
infector onset dates. To account for the data reported daily, the
discretized probability density function f'(7,0) was defined at time ¢
for the parameter of the distribution 6. For example, in gamma
distribution, the parameter 0 represents a vector of mean (u) and
standard deviation (SD) (o) of the probability distribution, such that
0= ( ,u,O'). Then, the likelihood function for an SI is defined as

m

L(0:d)=TT7(d():0), M

i=1

where m is the total number of pairs and d indicates the serial
intervals for time period (i.e.,d = {d(l),...,d(m)}). We used 70,414
infector-infectee pairs to estimate the SI distribution, while four
commonly used distributions for epidemiological periods: gamma,
log-normal, normal, and Weibull (40, 41) were employed to estimate
the time period. The performance of each statistical model was
compared by calculating the Akaike information criterion (AIC).

AIC =2In(L)+2K

where K is the number of parameters used. Among the four
commonly used statistical models, the best-fitted distribution was
selected based on the minimum AIC values. A(7) indicates the
probability distributions of the SIs estimated from February 18, 2020
to March 6, 2023 during the total period. We defined the best-fitted
distribution as /pre_pelta and Apelta for the Pre-Delta period and for
the Delta period, respectively.

To consider non-positive values in the SI data, the analysis involved
two approaches: fitting the distributions to positive values only (truncated),
and fitting the distributions to shifted data with 11-day delays added to
each observation (shifted) (42). Thus, we assumed that pre-symptomatic
transmissions could be accounted by adding delays to each observation.
Hence, a more accurate representation of the underlying distribution
was captured and meaningful insights from the data were derived.

2.3 Time-varying reproduction number by
variants and vaccination

We assessed R; to quantify the time-dependent variations in the
average number of secondary cases generated per case during the
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course of the outbreak due to intrinsic (decline in susceptible
individuals) and extrinsic factors, such as behavioral changes and
implementation of public health measures (43-45) In Korea, the
reported cases vary throughout the week, with notably lower counts
observed on Saturday and Sunday. We applied a moving window using
a 21-day window to address this variability. By using the smoothed
data on COVID-19 cases, we estimated the evolution of R, for
COVID-19 in the Republic of Korea.

Several studies estimated the most recent R, by simulating the
progression of incident cases and applying the discretized
probability distribution of the generated interval using renewal
equations (13, 26, 43, 46). In a model study conducted across 131
countries, the impact of implementing and easing eight different
NPIs on R, was examined (47). The reopening of schools; lifting of
bans on public events, gatherings of 10 or more people, and stay-at-
home orders; and easing of internal movement restrictions were
found to increase R;. However, the effects of NPI implementation
and easing were not immediate. Using maximum likelihood
estimation (MLE) and sequential Bayesian methods, Ry and R, were
estimated (48).

R(1) was defined as the total number of incident cases / (7) arising
at time ¢, divided by the discretized probability function /(1 ), which
was defined at time ¢ with the lowest value of AIC for truncated
distributions, as shown in Table 1.

R(t):# (2)
2o (t=7)h(r)

To compute 95% credible intervals (95% Crls) of R(t), the
bootstrapping method was applied to generate 100 samples from the
Gamma distributions (26).

2.3.1 Time-varying reproduction number by
variants

The time intervals were categorized as Tpre peiia> Tpettar A1 Tomicron-
A reproduction number method was suggested considering Alpha,
Beta, Gamma, and Delta multiple variants (49). We computed the
number of Pre-Delta, Delta, and Omicron by multiplying the daily
COVID-19 cases with proportional data. The proportion of x variant
at time t was defined as ¢y (t) I, (t) indicated the number of
COVID-19 cases caused by x variant at time ¢, expressed as
1, (1)=¢x () I(t), where x € X; X ={Pre — Delta,Delta,Omicron} .
Due to the lack of data for infector-infectee pairs during Omicron,
the probability distribution of the SI for both Delta and Omicron was
assumed as /ipejta = AOmicron> such that

) ®
e =7)he(2)

R.(7)

2.3.2 Time-varying reproduction number by
immunity

For our analysis, we considered the evolving nature of the disease
based on the number of immune individuals, including those who
covered from COVID-19 or received a vaccination. As of June 2023,
over 94% of individuals aged 12 years and older were fully vaccinated
with the required dose, while more than 60% of the total population
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TABLE 1 Estimation of probability distribution of serial interval by variants.

Total (n=70,414)
Jan 9, 2020-Jan 10, 2022

Period distribution

Jan 9, 2020-Jul 10, 2021

10.3389/fpubh.2024.1353441

Pre-Delta (n = 29,945) Delta (n=40,469)

Jul 11, 2021-Jan 10, 2022

Mean AIC Mean AlIC Mean AIC

Gamma 3.86 3.48 258,570.53 4.29 3.94 108,318.66 3.57 3.15 149,652.12

Weibull 3.85 3.41 258,449.04 4.29 3.84 108,247.39 3.56 3.08 149,571.72
Truncated

Normal 3.87 3.34 290,269.11 4.30 3.70 120,746.96 3.58 3.03 167,844.64

Lognormal 4.12 5.02 262,484.48 4.63 5.94 110,149.37 3.79 4.41 151,935.65

Gamma 14.61 4.05 393,957.91 14.79 4.59 167,328.05 14.48 3.64 225,008.07
Shifted Weibull 14.53 4.26 397,562.67 14.74 4.65 167,779.40 14.39 3.94 228,278.10
(+11days) Normal 14.61 3.93 393,047.72 14.79 4.41 166,698.10 14.48 3.56 224,705.94

Lognormal 14.67 4.39 400,335.77 14.88 5.06 170,311.35 14.52 3.90 228,298.24

n indicates the number of observed serial intervals.

was infected. Therefore, for this study, we considered the remaining
population who were yet to develop immunity and were susceptible.
Several studies suggested estimation of time-varying reproductive
number by immunity (50), such that the effect of the k-th vaccination
against for the dominant x variant was represented by o7,
where x € X; X ={Pre — Delta,Delta,Omicron}.

The patients were divided into 17 age groups at 5-year intervals,
such that n, =17 indicated the number of age groups, N, represented
the population size of age group a, P () defined the population size
of the k-th vaccination in age group a at time t, and V , () represented
the k-th vaccination rate in age group a at time t. Thus,

Vk,a(t)=Hc,a(t)/Na- k ZVka

vaccination rate at time t. For each variant x, the proportion of

presented the k-th

individuals with immunity at time ¢ (ot (7)), during period T, was
defined as

PTx(f) 0'1V1(t)+0'2V2(t)+0'3 ()1fteT

The proportion of individuals with immunity at time ¢ was

expressed by p (t) =U,prx (t) . Therefore, R, (t) without immunity
was defined as
1(t
R(1)= () @

(1=p (1) X, (r=7)h(z)

Accounting for the dominant variant x without immunity in
Eq. (4), Ry x (t) was defined as

I:(?)

Ry (1)= ;
(1=pTe (1) 2, il (1= 7) e ()

)

2.3.3 Time-varying reproduction number by
regions

We grouped the seven geographical regions of Korea as Seoul
Metropolitan Area, Gangwon, Chungcheong, Honam, Gyeongbuk,
Gyeongnam, and Jeju, such that (g= {1,2,---,7}) shown in
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Supplementary Figure S1. N, represented the population size of age
group a, while N, , defined the population size of age group a in
region g. Vi ¢ (1) represented the k-th vaccination rate in region g at
time ¢, and was defined as

Vi, t)N ag

Vi ()= Z

For each variant x, the proportion of individuals with immunity
(PTX, < (t)) in region g, at time ¢, during period Ty was defined as

PT.¢ (1) =Glel,g (t)+o-§V2,g (l)+6§V3’g (r)ifreTy,

t
where the proportion of susceptible individuals in region g at time

was expressed as Pg (£) = xPTx,g (1)-Ig (7). I4 (1) indicated the number

of COVID-19 cases in region g at time ¢, and /o (t) =y (t)lg (t)
indicated the number of COVID-19 cases in region g, by variant x, at time
t. Therefore, the time-varying reproduction number without considering
the immunity in region g by variant x was defined as

Leg (1)

, (6)
> eieg (1=7)he(7)

Reg(t)=

Accounting for immunity by the dominant variant x without
immunity in Eq. (6), Ry x ¢ (¢) was defined as

xg(’)
()2

)

Ry g (t)=

7))

( pTx,g

All Equations (2)-(7) are summarized in Table 2. R, refers to the
time-varying reproduction numbers with immunity such as
R(t),Rx (t),Rx’g (t) R, refers to the time-varying reproduction
numbers without immunity such as R, (t),Rv,x (t),RV,x,g (t) To
compare R; and R,, we employ various statistical measures including
maximum, mean, median, minimum, SD, proportion of R>1,
coefficient of variation (CV), which is defined as the ratio of the
standard deviation (o) to the mean (#) (i.e.,,CV = %). The proportion
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TABLE 2 Summary of time-varying reproduction numbers.

Formula

K)o 1)

> He-0)h(r)

Description

« Time-varying reproduction number with immunity

« R(t) represents the average number of secondary cases

at time z.

10.3389/fpubh.2024.1353441

Eq.

« (2) by variants

(1-pT (1)) Z,_xe-)ix(c)

(1)
R Ry(1)= 1 « Ry (1) represents the average number of secondary cases (3)
Z 711x (t —‘L')hx (r)
= caused by variant x at time 7.
« (3) by regions
In,g (1)
Ry, g (r)= = . * Ryg (#) represents the average number of secondary cases (6)
> :11x,g(t—7)hx(f) ) L .
T caused by variant x in region g at time 7.
S o Time-varying reproduction number without immunity
t
Ry(1)= t( ) « Ry (1) represents the average number of secondary cases (4)
(1 p(t))zrzll(t ~7)h(r) without immunity at time 7.
« (4) by variants
Ryx ()= x(1) .
Ry V, X . Ryx (#) represents the average number of secondary cases (5)

caused by variant x without immunity at time 7.

Ry,x,g (1)

Iy, g (1)

(= PTe,g Y _lxg (1 -7)hx(r)

« (5) by regions

* Ryxg (#) represents the average number of secondary cases

caused by variant x in region g without immunity at time ¢

Eq. refers to the equation.
Ry is the time-varying reproduction number with the immunity as baseline.
Ry is the time-varying reproduction number without considering the immunity.
I(t) is the number of cases at time ¢.
Iy (t) is the number of cases at time ¢ by variant x.
Ix,g (t) is the number of cases at time t by variant x and region g.
1- p(t) is proportion of susceptible individuals.
1-pTx () is proportion of susceptible individuals of variant x.
1-pTx,g (1) is proportion of susceptible individuals of variant x and region g.
h(‘r) is probability distribution of SI.
hy (T) is probability distribution of SI of variant x.

of R >1 indicates the number of time points that satisfy when the
reproduction number is greater than 1.

3 Results

3.1 Transmission dynamics of COVID-19
epidemic with variants and vaccination

Data on the number of COVID-19 cases, proportion of variants,
and vaccination coverage are presented in Figure 1. Figures 1A,B
present the number of confirmed cases caused by Delta and Omicron
variants. The number of cases increased with the emergence of new
mutations, with the Delta variant causing the highest number of cases,
reaching over 8,000. During Omicron, the number of cases peaked at
approximately 600,000 before decreasing. The proportion of the
variants are shown in Figure 1C, where the dashed lines indicate the
start points of the time periods, Tper, and Tomicon during which the
proportion of each variant exceeded 50%. The vaccination coverage is
shown in Figure 1D. The first and second vaccine doses were
administered during Pre-Delta, with the majority receiving the second
dose during Delta. The third doses of booster shots were administered
2months prior to the emergence of the Omicron variant. The
vaccination coverage for each period is shown in Figure 1E. During
Pre-Delta, the first dose accounted for about 40% of the total
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population, whereas the second dose accounted for only 10%. During
Delta, the first and second doses were administered to 80% of the
population. The third dose was administered to 40% of the population
during Delta, while 70% were covered during Omicron.

3.2 Estimation of probability distribution of
serial interval

Out of 30,413,435 COVID-19 cases, we reconstructed 70,414
transmission pairs from the known onset dates for the infectors and
infected population. The SIs ranged from —11 to 17 days, and were
estimated using truncated and shifted distributions for the entire
period, as shown in Figure 2. Based on the AIC values, the truncated
Weibull distribution provided the best fit for all three periods. The
estimated mean SI for the total period was 3.85 days, with an SD of
3.41days, as shown in Figure 2A. To compute R, we employed the
estimated SI using the truncated Weibull distribution for each period
(Pre-Delta, Delta), as presented in Table 1. For Pre-Delta and Delta,
the estimated mean SIs were 4.29 and 3.56 days, with SDs of 3.84 and
3.08 days, respectively. The estimated SIs for Pre-Delta and Delta from
the truncated and shifted distributions are shown in
Supplementary Figure S2. The different values of R, obtained from
truncated and shifted distributions using the Gamma, Weibull,

Lognormal methods are presented in Supplementary Figure S3.
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FIGURE 1
Number of COVID-19 cases by variants and vaccination. The vertical lines indicate the start points of the time periods, Tper and Tomicron- (A.B) Number
of COVID-19 cases by Pre-Delta, Delta, and Omicron variants over time from February 2021 to April 2022 in Korea. (C) Proportion of COVID-19
variation. (D) Weekly doses of 1st, 2nd, and 3rd vaccination. (E) Vaccination coverage during three periods: 1st (yellow), 2nd (blue), and 3rd (magenta)
vaccination.
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FIGURE 2
Estimated serial interval distribution of COVID-19 in Korea. Bars indicate the observed data of serial interval from January 9, 2020 to January 29, 2022.
The colored lines indicate the estimated serial interval. (A) Truncated and (B) shifted distributions over 11 days.

The values of R, calculated using Eqs. (2) and (3), distinguished
as R(t) and Ry(1), respectively, were compared, as presented in
Figure 3. When R(r) was calculated based on the total number of
cases, significant differences in values for each variant were
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observed. Calculated R (t) values using data from February 26, 2021
to January 10, 2022 and from January 11, 2022 to March 6, 2023 are
presented in Figures 3A,B, respectively. Supplementary Table S2
summarized the NPI levels implemented in Korea. It is shown in
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Figures 3A,B, along with the COVID-19 confirmed cases. During
the Pre-Delta period with NPI level 2, R(7) was consistently around
1. Subsequently, a point where R(#) exceed 1, we could interpret
that it is closely related to the emergence of the Delta variant. This
relationship is evident from the discrepancies between R(r) and
Ry (1) shown in Figure 3C. Furthermore, during this period, the
reduction of the NPI level to 1 led to an increase in R(f) to 1.2.
From July 11, 2021 onwards, R(t) decreased and remained at
approximately 1. It believed that this was a consequence of the NPI
level being intensified to 4. After the spread of the Omicron variant
in 2022, R(t) increased to 1.4. On July 11, 2021, R, (t) for Pre-Delta
was lower than R(t) calculated using the total number of cases,
while R, () for Delta was higher. Starting from January 11, 2022,
when the Omicron variant accounted for more than 50% of the total
cases, Ry (1) for Delta showed a significant decrease compared to
R(t) calculated based on the total number of cases using Eq. (2), as
shown in Figure 3D. Although the overall value of R(7) increased,
analysis of Ry (t), specifically for Delta, revealed a decrease. Thus,
despite the overall increase in transmission of the virus in the
population, the measures implemented to control the Delta variant
were effective in reducing its spread. The NPI intensity was
gradually reduced in a phased restoration of daily life, leading to the
lifting of social distancing after April 18, 2022. During the Omicron
period, R(7), exhibited higher volatility than other periods, shown
in Figure 3E.
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3.3 Time-varying reproduction number by
variants

The values of R, and R, calculated for with and without
immunity from variant x using Eqs. (3) and (5), distinguished as
Ry (1) and R, (1), respectively, are shown in Figure 4. The monthly
mean, SD, and CV of R, (t) and R, x (t) are presented in
Supplementary Table S3, while the statistics of their estimated values
are summarized in Supplementary Table S4. The difference between
Ry (t) and R, x (t) was not large because the vaccination coverage
was not high during Pre-Delta period, as shown in Figure 4A. R, (¢)
considering immunity remained approximately 1, as shown in
Figure 4B, and after December 31, 2021, it decreased to a value
below 1. However, R, x (t) without immunity, always remained
greater than 1 during Delta. As shown in Figure 4C, Ry (¢) was less
than 1 for some data points, whereas R, () always remained
greater than 1, during Omicron. The boxplot of Ry () and R, (7)
for each variant is shown in Figure 4D. During Pre-Delta, a small
difference existed between R, (t) and R, . (t), while a significant
difference was observed during Delta and Omicron. Thus, a large
variability existed for each variant, such that a high variability was
observed during Delta, which subsequently decreased
during Omicron.

CV was calculated from the monthly mean and SD of Ry (¢) and
R, x(7) and presented in Figure 4E. A small difference was observed
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between the CV calculated during Pre-Delta and Omicron, but a
notable difference was observed during Delta. We defined 2 months
with significant differences as “a” and “b,” which were calculated
from the shaded area in Figure 4B. During “a” R, . (¢) exhibited
higher variability compared to R, (), accompanied by a substantial
increase in R, (7). Conversely, during “b,” Ry (7) showed higher
variability compared to R, (7). Although the magnitudes of the
changes were similar, smaller values of Ry(7) resulted in larger
variability. This period corresponded to the initiation of a third-dose
vaccination campaign. Overall, the variability between R, () and
R, x (t) differed across the variants, with Delta characterized by
and the start of the third-dose

significant  differences

vaccination campaign.

3.4 Impact of variants on time-varying
reproduction number by regions

We conducted a comparison of R(¢) using Eq. (2) and Ry ¢ (¢)
using Eq. (6) with the results illustrated in Figure 5. The location of
each region in Korea is illustrated in Supplementary Figure SI.
Figures 5A-G presents the results for Seoul Metropolitan Area,
Gangwon, Chungcheong, Honam, Gyeongbuk, Gyeongnam, and Jeju.
Figure 5H shows a regional box plot comparing R(#) and R, 4 (¢). The
discrepancy between R(7) and Ry ¢ (7) is the largest in Jeju, while it is
almost negligible in Seoul Metropolitan Area. In all regions, a
difference between R (t) and Ry, g (t) is observed around July 11, 2021,
coinciding with the transition from the Pre-Delta to the Delta variant.
During this period, Seoul Metropolitan Area, Chungcheong, Honam,
and Gyeongnam exhibited similar patterns in R(¢) and Ry ¢ (1),
whereas Gangwon, Gyeongbuk, and Jeju displayed divergent patterns.
Particularly in Jeju, Ry ¢ () exhibits significant volatility during the
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Pre-Delta period, which is likely attributed to the small number of
cases, and Gangwon and Gyeongbuk require additional analysis.

We computed Ry ¢ (#) with immunity using Eq. (6) and Ry, ¢ (7)
without immunity using Eq. (7) in seven regions of Korea, as
aforementioned for Pre-Delta, Delta, and Omicron is shown in
Supplementary Figures S4-S6, respectively. A comparison between
the calculated maximum value of Ry ¢ (7) and R, x ¢ () by region g
is presented in Figure 6. While comparing the Ry ¢ (7) results for
Pre-Delta, Delta, and Omicron, the severity of the variant viruses was
difficult to determine. However, while examining the R, g (t) results,
the overall R, , ¢ (7) values were higher during Delta, particularly in
Gyeongnam and Gangwon. During Omicron, the R, , ¢ (7) values
were higher than those during Pre-Delta. The mean values of Ry ¢ (7)
and Ry x ¢ (t) are shown in Supplementary Figure S7.

The results for three regions, Seoul Metropolitan Area (Region A),
Gangwon (Region B), and Gyeongbuk (Region E), were compared, as
shown in Figure 7. Variations in the magnitudes of R, ¢ (¢) across
different variant periods were observed. Without considering
immunity, the mean of R, y ¢ () consistently increased over time in
all regions. However, a significantly higher value of maximum
Ry g (t) compared to an average value of Ry, x o (t) in each variant
period suggested the occurrence of an event that led to a spike in cases
in that region. During Pre-Delta, when the increase in the number of
cases was relatively smaller compared to that during Delta and
Omicron, the difference between the average and maximum values of
Ry x,¢ (¢) was relatively small. Supplementary Table S5 summarizes
the maximum, mean, and minimum reproduction numbers for each
period by region.

The values of monthly CV of Ry, (t) and Ry ;¢ (t) and
vaccination coverage for the three regions are shown in
Supplementary Figure S9. Supplementary Table S6 provides a
summary of the monthly CV for the two indicators of reproduction
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and Jeju, respectively.

number. Supplementary Table S7, on the other hand, outlines
Distribution of age population size and vaccination coverage by
region. During Pre-Delta, Ry ¢ (t) and Ry x ¢ (t) exhibited similar
patterns. However, during the second phase, when the Delta variant
spread, a significant variability in R,y ¢ () was observed. This period
coincided with a rapid increase in the administration of the second
and third vaccine doses, indicating an increase in immunity. In the
third phase, a consistent pattern in CV across regions was observed,
suggesting a similar trend. The number of individuals receiving the
third vaccine dose significantly decreased, and owing to an already
high number of infected individuals, the difference between R, g (t)
and R,y ¢(7) was reduced. In Seoul Metropolitan Area and
Gyeongbuk, shown in Supplementary Figure S9, a rapid increase in
the number of COVID infected individuals was observed in
mid-September 2021. Thus, the variability in CV increased to
approximately 0.2.
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4 Discussion

During outbreak of infectious diseases such as SARS-CoV-2,
authorities must accurately monitor the situation to make effective
decisions. Factors such as the scale of the epidemic and its
spatiotemporal dynamics determine the risk of exposure, pressurize
crucial infrastructure, and burden society with diseases. As
COVID-19 spread globally, countries adopted various strategies,
often following more relaxed measures. Assessing the influence of
unique political strategies on disease spread and predicting the
outcomes of potential alternative measures are important.

In this study, we investigated the transmission dynamics of
COVID-19 by considering its variants and the impact of vaccination
coverage on immunity. Our findings aligned with those of previous
studies (2, 51, 52), confirming that the Delta variant had the highest
number of cases, followed by the Omicron variant. Additionally, the
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estimated SIs were 3.85, 4.29, 3.56 days for the total period, Pre-Delta,
and Delta, respectively, as shown in Figure 2. The estimated SI of the
Delta variant further supported the results. Our predictions aligned
with the findings of our previous study, as the estimated mean SI of
3.56 days was similar to 3.5days of our previous finding, 3.7 days of
(2) and 3.00days of (51). This consistency in estimated values of SI
further supported the robustness and reliability of the analysis. By
understanding the duration between symptom onset in infectors and
infectees, we can gain insight into the transmission dynamics of the
COVID-19 epidemic and improve public health interventions aimed
at controlling the spread of the virus.

The decreasing value of Ry (7) for the Delta variant indicated
successful mitigation of virus transmission by interventions, such as
increased vaccination coverage and other control measures
(Figure 3). This finding underscored the importance of targeted
efforts to curb the spread of specific variants, as distinct transmission
dynamics exist when compared with the overall epidemic. During
Delta, if the vaccination coverage was low (Figure 4), R, » (t) would
likely have remained above 2. Conversely, the significant decrease in
R (1) could be attributed to the immunity gained through
vaccination. This finding highlighted the substantial benefit of
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vaccination in reducing the transmission potential of the Delta
variant. On comparison of time-varying reproduction numbers by
region (Figure 7), the immunity in Ry 4 (#) provided a better
explanation for the characteristics of the variants and regional
differences. If there was no immunity, a significant increase in
Ry g (t) could be interpreted.

However, during Pre-Delta period, the gap between the Ry (7) and
R, x (t)values was minimum, attributed to the low vaccination coverage.
Furthermore, though additional vaccinations were administered
infrequently during the Omicron period, the impact of immunity
persisted due to the high vaccination coverage achieved during the Delta
period. These findings underscored the crucial role of vaccination in
reducing the spread of COVID-19, and the significance of achieving
high vaccination coverage to maximize the benefits of immunity in
controlling variant-driven epidemics. Thus, in this study, we emphasize
the critical role of vaccination in reducing the risk of infection.

We incorporated the regional heterogeneity and age distribution
of the population, as well as the evolving variants and vaccination
rates over time, into our calculations of the reproduction number.
However, the broader applicability of our results is constrained. The
diversity in spatial heterogeneity and human behaviors, which are
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pivotal to the transmission dynamics of COVID-19, vary across
different areas. Therefore, including a variety of populations and
environments is crucial to deepen the understanding of the
transmission dynamics on a global scale (53-56). Badr et al. (57)
identified a statistically significant positive correlation between
human mobility patterns and COVID-19 case trends, with a
5-6days lag reflecting in the reproduction number (R)).
Additionally, several studies have addressed the effect of spatial
heterogeneity (55, 56). For instance, Ogwara et al. (55) estimated
the time-dependent R, for SARS-CoV-2 within Georgia and its
health districts using daily case data, akin to our methodology.
However, other investigations have estimated R, by accounting for
movement and mobility between regions (58). Beyond these
methods, the reproductive number can also be determined using
various other techniques, such as machine learning algorithms or
multi-agent simulations (59, 60).

In addition, the availability of SI data during Omicron was limited
due to the rapid and widespread transmission of COVID-19.
Therefore, we assumed that the distribution of the SIs during Delta
was similar to that during Omicron. Although this assumption
introduces some uncertainty, it is essential for the estimation of SI for
the entire study period. If the data of infector-infectee pairs were
available during Omicron, a more accurate understanding of
transmission dynamics during that time could have been provided.
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However, despite these limitations, our study is significant as it
provides a novel analysis of the impact of variants, immunity, age,
and geographical factors on the time-varying reproduction number.
In previous studies (27, 55, 61), reproduction numbers were
computed using variants or regions. However, the effects of immunity
are yet to be considered. To the best of our knowledge, our study is a
first to comprehensively examine the influence of such variables on
time-varying reproduction numbers at a granular level. Considering
the differential effects of variants and immunity across age groups
and regions, our study offers valuable insights into the complex
dynamics of the COVID-19 pandemic. Overall, this study provides
valuable insights into the transmission dynamics of COVID-19 by
considering the variants and vaccination.

5 Conclusion

Considering the well-established concept of R, (25-27), we have
proposed a modified reproduction number that takes into account
various data sets: (i) variant-specific Ry (t), and (ii) R, (t), which
does not consider immunity, compared with the traditional R, to
analyze the effects of immunity. Rather than evaluating those
several formulas for Ry, our study emphasizes the capability of the
proposed reproduction numbers to capture important factors like
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vaccination and variants, by introducing the several reproductions,
namely R, (7) and Ry (7). Our study highlights the dominance of the
Delta variant, effectiveness of vaccination in reducing transmission,
and significance of targeted interventions and high vaccination
coverage in controlling COVID-19. Despite limitations, our findings
improve our understanding of the transmission dynamics of
this disease.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the study involving humans
in accordance with the local legislation and institutional requirements
because the datasets used in this study are fully anonymized and do
not contain any identifiable or personal information.

Author contributions

GJ: Formal analysis, Methodology, Software, Writing — original
draft. JK: Data curation, Formal analysis, Writing - original draft. YL:
Data curation, Formal analysis, Writing - original draft. CS: Data
curation, Formal analysis, Writing — original draft. KK: Data curation,
Formal analysis, Writing - original draft. HL: Conceptualization,
Investigation, Methodology, Supervision, Writing - original draft,
Writing - review & editing.

References

1. Ha JH, Lee JY, Choi SY, Park SK. COVID-19 waves and their characteristics in the
Seoul metropolitan area (Jan 20, 2020-Aug 31, 2022). PHWR. (2023) 16:111-36. doi:
10.56786/PHWR.2023.16.5.1

2. Ryu S, Kim D, Lim JS, Ali ST, Cowling BJ. Serial interval and transmission dynamics
during SARS-CoV-2 delta variant predominance, South Korea. Emerg Infect Dis. (2022)
28:407-10. doi: 10.3201/eid2802.211774

3. Delamater PL, Street EJ, Leslie TF, Yang YT, Jacobsen KH. Complexity of the basic
reproduction number (RO). Emerg Infect Dis. (2019) 25:1-4. doi: 10.3201/eid2501.171901

4. Scire J, Nadeau SA, Vaughan T, Gavin B, Fuchs S, Sommer J, et al. Reproductive
number of the COVID-19 epidemic in Switzerland with a focus on the cantons of Basel-
Stadt and Basel-Landschaft. Swiss Med Wkly. (2020) 150:w20271. doi: 10.4414/
smw.2020.20271

5. Linka K, Peirlinck M, Kuhl E. The reproduction number of COVID-19 and its
correlation with public health interventions. Comput Mech. (2020) 66:1035-50. doi:
10.1007/s00466-020-01880-8

6. Bhattacharyya A, Chakraborty T, Rai SN. Stochastic forecasting of COVID-19 daily
new cases across countries with a novel hybrid time series model. Nonlinear Dyn. (2022)
107:3025-40. doi: 10.1007/s11071-021-07099-3

7. Adiga A, Dubhashi D, Lewis B, Marathe M, Venkatramanan S, Vullikanti A, et al.
Mathematical models for covid-19 pandemic: a comparative analysis. J Indian Inst Sci.
(2020) 100:793-807. doi: 10.1007/s41745-020-00200-6

8. Bhattacharyya A, Seth A, Rai SN. Coronavirus (COVID-19) pandemic-a
comprehensive review of demographics, comorbidities, vaccines, therapeutic

development, blood type, and long Covid. Annu Publ Health Rep. (2023) 7:308-22. doi:
10.36959/856/540

9. Li MM, Pham A, Kuo TT. Predicting COVID-19 county-level case number trend
by combining demographic characteristics and social distancing policies. JAMIA Open.
(2022) 5:00ac056. doi: 10.1093/jamiaopen/00ac056

Frontiers in Public Health

12

10.3389/fpubh.2024.1353441

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by a grant of the project for the Government-wide
R&D to Advance Infectious Disease Prevention and Control, Republic
of Korea (No. HG23C1629). HL and GJ were supported by a National
Research Foundation of Korea (NRF) grant funded by the Korean
Government (MSIT) (Nos. NRF-2022R1A5A1033624,
NRF-2022R1C1C1006237).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1353441/
full#supplementary-material

10. Rozhnova G, van Dorp CH, Bruijning-Verhagen P, Bootsma MC, van de Wijgert
JH, Bonten M]J, et al. Model-based evaluation of school-and non-school-related
measures to control the COVID-19 pandemic. Nat Commun. (2021) 12:1614. doi:
10.1038/s41467-021-21899-6

11.Young BR, Ho E, Lin Y, Lau EH, Cowling BJ, Wu P, et al. Estimation of the
time-varying effective reproductive number of COVID-19 based on multivariate
time series of severe health outcomes. J Infect Dis. (2024) 229:502-6. doi: 10.1093/
infdis/jiad445

12. Thompson RN, Stockwin JE, van Gaalen RD, Polonsky JA, Kamvar ZN, Demarsh
PA, et al. Improved inference of time-varying reproduction numbers during infectious
disease outbreaks. Epidemics. (2019) 29:100356. doi: 10.1016/j.epidem.2019.100356

13. Nishiura H, Chowell G. Mathematical and statistical estimation approaches in
epidemiology. Netherlands: Springer. (2009): 103-121.

14. Prata DN, Rodrigues W, Bermejo PH. Temperature significantly changes
COVID-19 transmission in (sub) tropical cities of Brazil. Sci Total Environ. (2020)
729:138862. doi: 10.1016/j.scitotenv.2020.138862

15. Nottmeyer LN, Sera F. Influence of temperature, and of relative and absolute
humidity on COVID-19 incidence in England-a multi-city time-series study. Environ
Res. (2021) 196:110977. doi: 10.1016/j.envres.2021.110977

16. To TZhang K, Maguire B, Terebessy E, Fong I, Parikh S, et al. Correlation of
ambient temperature and COVID-19 incidence in Canada. Sci Total Environ. (2021)
750:141484. doi: 10.1016/j.scitotenv.2020.141484

17. Bashir ME, Ma B, Komal B, Bashir MA, Tan D, Bashir M. Correlation between
climate indicators and COVID-19 pandemic in New York, USA. Sci Total Environ.
(2020) 728:138835. doi: 10.1016/j.scitotenv.2020.138835

18. Markov PV, Ghafari M, Beer M, Lythgoe K, Simmonds P, Stilianakis NI, et al. The
evolution of SARS-CoV-2. Nat Rev Microbiol. (2023) 21:361-79. doi: 10.1038/
541579-023-00878-2

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1353441
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1353441/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1353441/full#supplementary-material
https://doi.org/10.56786/PHWR.2023.16.5.1
https://doi.org/10.3201/eid2802.211774
https://doi.org/10.3201/eid2501.171901
https://doi.org/10.4414/smw.2020.20271
https://doi.org/10.4414/smw.2020.20271
https://doi.org/10.1007/s00466-020-01880-8
https://doi.org/10.1007/s11071-021-07099-3
https://doi.org/10.1007/s41745-020-00200-6
https://doi.org/10.36959/856/540
https://doi.org/10.1093/jamiaopen/ooac056
https://doi.org/10.1038/s41467-021-21899-6
https://doi.org/10.1093/infdis/jiad445
https://doi.org/10.1093/infdis/jiad445
https://doi.org/10.1016/j.epidem.2019.100356
https://doi.org/10.1016/j.scitotenv.2020.138862
https://doi.org/10.1016/j.envres.2021.110977
https://doi.org/10.1016/j.scitotenv.2020.141484
https://doi.org/10.1016/j.scitotenv.2020.138835
https://doi.org/10.1038/s41579-023-00878-2
https://doi.org/10.1038/s41579-023-00878-2

Jangetal.

19. Andre M, Lau LS, Pokharel MD, Ramelow J, Owens F, Souchak J. From alpha to
omicron: how different variants of concern of the SARS-Coronavirus-2 impacted the
world. Biology. (2023) 12:1267. doi: 10.3390/biology12091267

20.Lau JJ, Cheng SM, Leung K, Lee CK, Hachim A, Tsang LC, et al. Real-world
COVID-19 vaccine effectiveness against the omicron BA. 2 variant in a SARS-CoV-2
infection-naive ~population. Nat Med. (2023) 29:348-57. doi: 10.1038/
541591-023-02219-5

21. Levine-Tiefenbrun M, Yelin I, Alapi H, Katz R, Herzel E, Kuint J, et al. Viral loads
of Delta-variant SARS-CoV-2 breakthrough infections after vaccination and booster
with BNT162b2. Nat Med. (2021) 27:2108-10. doi: 10.1038/s41591-021-01575-4

22. Wong MT, Dhaliwal SS, Balakrishnan V, Nordin E Norazmi MN, Tye GJ.
Effectiveness of booster vaccinations on the control of covid-19 during the spread of
omicron variant in Malaysia. Int | Environ Health Res. (2023) 20:1647. doi: 10.3390/
ijerph20021647

23. Tkachenko AV, Maslov S, Elbanna A, Wong GN, Weiner ZJ, Goldenfeld N. Time-
dependent heterogeneity leads to transient suppression of the COVID-19 epidemic, not
herd immunity. Proc Natl Acad Sci U S A. (2021) 118:€2015972118. doi: 10.1073/
pnas.2015972118

24. Kucharski AJ, Russell TW, Diamond C, Liu Y, Edmunds J, Funk S, et al. Early
dynamics of transmission and control of COVID-19: a mathematical modelling study.
Lancet Infect Dis. (2020) 20:553-8. doi: 10.1016/S1473-3099(20)30144-4

25. Wallinga J, Teunis P. Different epidemic curves for severe acute respiratory
syndrome reveal similar impacts of control measures. Am ] Epidemiol. (2004)
160:509-16. doi: 10.1093/aje/kwh255

26. Cori A, Ferguson NM, Fraser C, Cauchemez S. A new framework and software to
estimate time-varying reproduction numbers during epidemics. Am ] Epidemiol. (2013)
178:1505-12. doi: 10.1093/aje/kwt133

27.You C, Deng Y, Hu W, Sun J, Lin Q, Zhou F, et al. Estimation of the time-varying
reproduction number of COVID-19 outbreak in China. Int ] Hyg Environ Health. (2020)
228:113555. doi: 10.1016/j.ijheh.2020.113555

28. Dainton C, Hay A. Quantifying the relationship between lockdowns, mobility, and
time-varying reproduction number (Rt) during the COVID-19 pandemic in the greater
Toronto area. BMC Public Health. (2021) 21:1-8. doi: 10.1186/s12889-021-11684-x

29. Abbott S, Hellewell J, Thompson RN, Sherratt K, Gibbs HP, Bosse NI, et al.
Estimating the time-varying reproduction number of SARS-CoV-2 using national and
subnational case counts. Wellcome Open Res. (2020) 5:112. doi: 10.12688/
wellcomeopenres.16006.2

30. Nishiura H, Linton NM, Akhmetzhanov AR. Serial interval of novel coronavirus
(COVID-19) infections. Int ] Infect Dis. (2020) 93:284-6. doi: 10.1016/j.ijid.2020.02.060

31. Alene M, Yismaw L, Assemie MA, Ketema DB, Gietaneh W, Birhan TY. Serial
interval and incubation period of COVID-19: a systematic review and meta-analysis.
BMC Infect Dis. (2021) 21:257-9. doi: 10.1186/s12879-021-05950-x

32.DuZ, XuX, Wu Y, Wang L, Cowling BJ, Meyers LA. Serial interval of COVID-19
among publicly reported confirmed cases. Emerg Infect Dis. (2020) 26:1341-3. doi:
10.3201/eid2606.200357

33. Parag KV. Improved estimation of time-varying reproduction numbers at low case
incidence and between epidemic waves. PLoS Comput Biol. (2021) 17:1009347. doi:
10.1371/journal.pcbi.1009347

34. Musa KI, Arifin WN, Mohd MH, Jamiluddin MS, Ahmad NA, Chen XW, et al.
Measuring time-varying effective reproduction numbers for COVID-19 and their
relationship with movement control order in Malaysia. Int ] Environ Res Public Health.
(2021) 18:3273. doi: 10.3390/ijerph18063273

35. Coronavirus Disease 19. KDCA (The Korea Disease Control and Prevention
Agency). (2023) Available at: https://ncov.kdca.go.kr (Accessed July 3, 2023).

36. Kim IH, Park AK, Lee H, Kim J, Kim DH, Kim JA, et al. Korea Disease Control
and Prevention Agency Status and characteristics of the COVID-19 variant virus
outbreak in the Republic of Korea. Public Health Wkly Rep. (2021) 2021:3388-96.

37. Ryu BH, Hong SI, Lim SJ, Cho Y, Hwang C, Kang H, et al. Clinical features of adult
COVID-19 patients without risk factors before and after the nationwide SARS-CoV-2
B. 1.617.2 (Delta)-variant outbreak in Korea: experience from Gyeongsangnam-do. J
Korean Med Sci. (2021) 36:e341. doi: 10.3346/jkms.2021.36.e341

38.Kim D, Ali ST, Kim S, Jo J, Lim JS, Lee S, et al. Estimation of serial interval and
reproduction number to quantify the transmissibility of SARS-CoV-2 omicron variant
in South Korea. Viruses. (2022) 14:533. doi: 10.3390/v14030533

39. Statistics Korea. The aged population data of Republic of Korea at January 2022,
KOSIS (the Korean statistical information service) (2022). Available at: https://kosis.kr/
index/index.do (Accessed July 3, 2023).

40. Rai B, Shukla A, Dwivedi LK. Estimates of serial interval for COVID-19: a
systematic review and meta-analysis. Clin Epidemiol Glob Health. (2021) 9:157-61. doi:
10.1016/j.cegh.2020.08.007

Frontiers in Public Health

13

10.3389/fpubh.2024.1353441

41. Lehtinen S, Ashcroft P, Bonhoeffer S. On the relationship between serial interval,
infectiousness profile and generation time. J R Soc Interface. (2021) 18:20200756. doi:
10.1098/rsif.2020.0756

42. Talmoudi K, Safer M, Letaief H, Hchaichi A, Harizi C, Dhaouadi S, et al.
Estimating transmission dynamics and serial interval of the first wave of COVID-19
infections under different control measures: a statistical analysis in Tunisia from
February 29 to May 5, 2020. BMC Infect Dis. (2020) 20:914. doi: 10.1186/
$12879-020-05577-4

43. Nishiura H. Correcting the actual reproduction number: a simple method to
estimate R, from early epidemic growth data. Int ] Environ Res Public Health. (2010)
7:291-302. doi: 10.3390/ijerph7010291

44. Marziano V, Guzzetta G, Longini I, Merler S. Estimates of serial interval and
reproduction number of Sudan virus, Uganda, August-November 2022. Emerg Infect
Dis. (2023) 29:1429-32. doi: 10.3201/eid2907.221718

45. Huisman JS, Scire J, Angst DC, Li ], Neher RA, Maathuis MH, et al. Estimation
and worldwide monitoring of the effective reproductive number of SARS-CoV-2. eLife.
(2022) 11:€71345. doi: 10.7554/eLife.71345

46.Jin S, Dickens BL, Lim JT, Cook AR. Epi mix: a novel method to estimate effective
reproduction number. Infect Dis Model. (2023) 8:704-16. doi: 10.1016/j.idm.2023.06.002

47.1i Y, Campbell H, Kulkarni D, Harpur A, Nundy M, Wang X, et al. The
temporal association of introducing and lifting non-pharmaceutical interventions
with the time-varying reproduction number (R) of SARS-CoV-2: a modelling study
across 131 countries. Lancet Infect Dis. (2021) 21:193-202. doi: 10.1016/
$1473-3099(20)30785-4

48.Xu C, Dong Y, Yu X, Wang H, Tsamlag L, Zhang S, et al. Estimation of reproduction
numbers of COVID-19 in typical countries and epidemic trends under different
prevention and control scenarios. Front Med. (2020) 14:613-22. doi: 10.1007/
511684-020-0787-4

49.Tto K, Piantham C, Nishiura H. Predicted dominance of variant Delta of SARS-
CoV-2 before Tokyo Olympic games, Japan, July 2021. Euro Surveill. (2021) 26:2100570.
doi: 10.2807/1560-7917.ES.2021.26.27.2100570

50. Matsuyama R, Akhmetzhanov AR, Endo A, Lee H, Yamaguchi T, Tsuzuki S, et al.
Uncertainty and sensitivity analysis of the basic reproduction number of diphtheria: a
case study of a Rohingya refugee camp in Bangladesh, November-December 2017.
Peer]. (2018) 6:¢4583. doi: 10.7717/peer;j.4583

51. Kremer C, Braeye T, Proesmans K, André E, Torneri A, Hens N. Serial intervals
for SARS-CoV-2 omicron and delta variants, Belgium, November 19-December 31,
2021. Emerg Infect Dis. (2022) 28:1699-702. doi: 10.3201/eid2808.220220

52. Madewell ZJ, Yang Y, Longini IM, Halloran ME, Vespignani A, Dean NE. Rapid
review and meta-analysis of serial intervals for SARS-CoV-2 Delta and omicron
variants. BMC Infect Dis. (2023) 23:429. doi: 10.1186/s12879-023-08407-5

53. Thomas LJ, Huang P, Yin F, Luo XI, Almquist ZW, Hipp JR, et al. Spatial
heterogeneity can lead to substantial local variations in COVID-19 timing and severity.
Proc Natl Acad Sci U S A. (2020) 117:24180-7. doi: 10.1073/pnas.2011656117

54. Kodera S, Hikita K, Rashed EA, Hirata A. The effects of time window-averaged
mobility on effective reproduction number of COVID-19 viral variants in urban cities.
J Urban Health. (2023) 100:29-39. doi: 10.1007/s11524-022-00697-5

55. Ogwara CA, Mallhi AK, Hua X, Muniz-Rodriguez K, Schwind JS, Zhou X, et al.
Spatially refined time-varying reproduction numbers of COVID-19 by health district in
Georgia, USA, March-December 2020. Epidemiologia. (2021) 2:179-97. doi: 10.3390/
epidemiologia2020014

56. Shim E, Tariq A, Chowell G. Spatial variability in reproduction number and
doubling time across two waves of the COVID-19 pandemic in South Korea, February
to July, 2020. Int ] Inf Secur. (2021) 102:1-9. doi: 10.1016/}.ijid.2020.10.007

57.Badr HS, Du H, Marshall M, Dong E, Squire MM, Gardner LM. Association
between mobility patterns and COVID-19 transmission in the USA: a mathematical
modelling study. Lancet Infect Dis. (2020) 20:1247-54. doi: 10.1016/
$1473-3099(20)30553-3

58. Chiang WH, Liu X, Mohler G. Hawkes process modeling of COVID-19 with
mobility leading indicators and spatial covariates. Int ] Forecast. (2022) 38:505-20. doi:
10.1016/j.ijforecast.2021.07.001

59. Bousquet A, Conrad WH, Sadat SO, Vardanyan N, Hong Y. Deep learning
forecasting using time-varying parameters of the SIRD model for COVID-19. Sci Rep.
(2022) 12:3030. doi: 10.1038/541598-022-06992-0

60. Kerr CC, Stuart RM, Mistry D, Abeysuriya RG, Rosenfeld K, Hart GR, et al.
Covasim: an agent-based model of COVID-19 dynamics and interventions. PLoS
Comput Biol. (2021) 17:€1009149. doi: 10.1371/journal.pcbi. 1009149

61. Manathunga SS, Abeyagunawardena IA, Dharmaratne SD. A comparison of
transmissibility of SARS-CoV-2 variants of concern. Virol J. (2023) 20:59. doi: 10.1186/
$12985-023-02018-x

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1353441
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.3390/biology12091267
https://doi.org/10.1038/s41591-023-02219-5
https://doi.org/10.1038/s41591-023-02219-5
https://doi.org/10.1038/s41591-021-01575-4
https://doi.org/10.3390/ijerph20021647
https://doi.org/10.3390/ijerph20021647
https://doi.org/10.1073/pnas.2015972118
https://doi.org/10.1073/pnas.2015972118
https://doi.org/10.1016/S1473-3099(20)30144-4
https://doi.org/10.1093/aje/kwh255
https://doi.org/10.1093/aje/kwt133
https://doi.org/10.1016/j.ijheh.2020.113555
https://doi.org/10.1186/s12889-021-11684-x
https://doi.org/10.12688/wellcomeopenres.16006.2
https://doi.org/10.12688/wellcomeopenres.16006.2
https://doi.org/10.1016/j.ijid.2020.02.060
https://doi.org/10.1186/s12879-021-05950-x
https://doi.org/10.3201/eid2606.200357
https://doi.org/10.1371/journal.pcbi.1009347
https://doi.org/10.3390/ijerph18063273
https://ncov.kdca.go.kr
https://doi.org/10.3346/jkms.2021.36.e341
https://doi.org/10.3390/v14030533
https://kosis.kr/index/index.do
https://kosis.kr/index/index.do
https://doi.org/10.1016/j.cegh.2020.08.007
https://doi.org/10.1098/rsif.2020.0756
https://doi.org/10.1186/s12879-020-05577-4
https://doi.org/10.1186/s12879-020-05577-4
https://doi.org/10.3390/ijerph7010291
https://doi.org/10.3201/eid2907.221718
https://doi.org/10.7554/eLife.71345
https://doi.org/10.1016/j.idm.2023.06.002
https://doi.org/10.1016/S1473-3099(20)30785-4
https://doi.org/10.1016/S1473-3099(20)30785-4
https://doi.org/10.1007/s11684-020-0787-4
https://doi.org/10.1007/s11684-020-0787-4
https://doi.org/10.2807/1560-7917.ES.2021.26.27.2100570
https://doi.org/10.7717/peerj.4583
https://doi.org/10.3201/eid2808.220220
https://doi.org/10.1186/s12879-023-08407-5
https://doi.org/10.1073/pnas.2011656117
https://doi.org/10.1007/s11524-022-00697-5
https://doi.org/10.3390/epidemiologia2020014
https://doi.org/10.3390/epidemiologia2020014
https://doi.org/10.1016/j.ijid.2020.10.007
https://doi.org/10.1016/S1473-3099(20)30553-3
https://doi.org/10.1016/S1473-3099(20)30553-3
https://doi.org/10.1016/j.ijforecast.2021.07.001
https://doi.org/10.1038/s41598-022-06992-0
https://doi.org/10.1371/journal.pcbi.1009149
https://doi.org/10.1186/s12985-023-02018-x
https://doi.org/10.1186/s12985-023-02018-x

	Analysis of the impact of COVID-19 variants and vaccination on the time-varying reproduction number: statistical methods
	1 Introduction
	2 Methods
	2.1 Epidemiological data
	2.2 Estimation of probability distribution of serial interval
	2.3 Time-varying reproduction number by variants and vaccination
	2.3.1 Time-varying reproduction number by variants
	2.3.2 Time-varying reproduction number by immunity
	2.3.3 Time-varying reproduction number by regions

	3 Results
	3.1 Transmission dynamics of COVID-19 epidemic with variants and vaccination
	3.2 Estimation of probability distribution of serial interval
	3.3 Time-varying reproduction number by variants
	3.4 Impact of variants on time-varying reproduction number by regions

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

