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High Level of SARS-CoV-2 Infection
in Young Population Is a Predictor for
Peak Incidence

Haeyoun Choit, Sun Shint, Seung-Jin Hong, Sang-Uk Seo* and Mun-Gan Rhyu

Department of Microbiology, College of Medicine, The Catholic University of Korea, Seoul, South Korea

South Korea adopted stringent preventive measures against Coronavirus virus disease
2019, resulting in three small and one large outbreaks until January 15, 2022. The fatality
rate was 2.5-fold higher during peak transmission periods than in base periods. As
new variants of severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2) are
continuously emerging, the need for understanding their epidemic potential remains
necessary. In South Korea, the epidemiologic data obtained from mass diagnostic
testing enabled investigation of the true number of infected cases, exact incidence,
and fatality numbers. Analysis found a similarity between estimated infection rates and
confirmed cases. This suggested that the number of confirmed cases had an influence
on the fatality rate as a quantitative parameter. The fatality rate decreased even as
infection with SARS-CoV-2 variants rose. In comparative analysis, the confirmed cases
in young people (ages 20-29) increased prior to every outbreak peak and marked the
tipping point in infection spread. These results indicate that a high level of SARS-CoV-2
infection in young population drives peak incidence and mortality across all age groups.

Keywords: SARS-CoV-2, COVID-19, true infection, age groups, morbidity, epidemiology

INTRODUCTION

Coronavirus (CoV) is divided into four different genera that can be found in a broad spectrum
of animal hosts (Woo et al., 2012). Since the severe acute respiratory syndrome (SARS)-CoV
was first reported in 2002, two additional human CoVs (NL63 and HKU1) were isolated but the
majority of newly discovered CoVs were found in animals (Fouchier et al., 2004; Woo et al., 2005).
Humans may not be the optimal host for maintaining the virulence and prolonged infection,
because few CoVs transcend interspecies barriers to infect humans. Indeed, SARS-CoV and Middle
East respiratory syndrome (MERS)-CoV epidemics did not last more than 9 months or became
sporadically endemic despite having exhibited significant morbidity and mortality worldwide
(Farrag et al., 2021). Unlike MERS-CoV and SARS-CoV infections, CoV disease 2019 (COVID-
19) caused by SARS-CoV-2 has continued to spread for more than 2 years. SARS-CoV-2, like
other RNA viruses, is prone to mutates and has generated multiple variant clades. Each variant
has distinct epidemiologic characteristics, and their backgrounds remain obscure.

The population viral load (PVL) covering all apparent and inapparent patients has been
theoretically presented as a standard measure of the infection extent and spread of human
immunodeficiency virus (HIV) [National Center for HIV/AIDS, Viral Hepatitis, STD, and TB
Prevention (U.S.). Division of HIV/AIDS Prevention, 2011]. The quantification of infected viral
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particles is useful for predicting infection incidence and severity
in a community, however, both total infections and PVL
cannot be accurately estimated for SARS-CoV-2 due to the
high proportion of asymptomatic patients and rapid viral
transmission. One study reported a reverse correlation between
onset age and asymptomatic rate, making disease trend analysis
difficult for the entire population (Sah et al., 2021). Case fatality
rate (CFR), the ratio of deaths to reported cases, has been
calculated without considering total infections in the general
population. This observed mortality of SARS-CoV-2 varies over
time due to the heterogeneity of infection-tracing and -testing
capacity among countries. Also, the mortality rate of SARS-CoV-
2 infection increases in an age-dependent manner (O’driscoll
et al., 2021). The infection fatality rate (IFR) is calculated as the
ratio of deaths to the true number of total infections, providing
the exact fatality rate. Therefore, the number of confirmed cases
and IFR are necessary to precisely track the progress of the SARS-
CoV-2 pandemic as well as for understanding variant traits.

Unlike many countries, South Korea implemented extensive
diagnostic testing for SARS-CoV-2, which covered most people
who had close contact with confirmed cases (Shin et al., 2021).
In South Korea, the number of diagnostic tests per confirmed
case from March 3, 2020 to January 1, 2022 was 135, 7.6 times
higher than in the United States (Our World in Data, 2022).
In addition, South Korea adopted testing-tracing-treatment (so-
called 3T) strategy and strict social distancing to minimize
baseline-level outbreaks (Park et al., 2020). Consequently, we
could precisely determine the IFR of SARS-CoV-2 infections in
South Korea based on the quantitative degree of viral infection
for a given period of time.

Here, we aimed to precisely present the progress of SARS-
CoV-2 infection affected by the number of cases during the
peak and base periods of the epidemics. We analyzed the
number of weekly confirmed cases and deaths from data
from January 20, 2020 to January 15, 2022, a period that
spanned the Delta pandemic. The incidence of SARS-CoV-2
infection in a young population (ages 20-29 years) increased
with the appearance of new variants and their infections
became mild. The high incidence in the young population
was followed by increased incidence and fatalities in the total
population. Using the epidemiologic data, we calculated the
IFR of COVID-19 in the total population as well as in 10-
year age groups.

MATERIALS AND METHODS

Data Source

Daily SARS-CoV-2 incidence and mortality counts in
South Korea were collected from the official COVID-19
website of the Korea Disease Control and Prevention Agency
(KDCA).! Since the first confirmed SARS-CoV-2 infection in
South Korea in January 2020, 688,000 cumulative confirmed
cases and 6,281 deaths were reported as of January 15, 2022. Data
by ages of the confirmed cases and deaths due to SARS-CoV-2

Thttp://ncov.mohw.go.kr/

are available for the following age groups, which are shown in
years: 0-9, 10-19, 20-29, 30-39, 40-49, 50-59, 60-69, 70-79,
and >80. Data were summarized for each week to reduce the
potential week-related fluctuations. Age-specific changes in the
number of confirmed cases during a short-term outbreak were
calculated daily.

Variant Data

Lineages of SARS-CoV-2 identified in South Korea were obtained
by downloading “metadata” from GISAID on December 16, 2021
for all 20,233 complete viral genome sequences sampled from
South Korea since January 2020. These metadata have Pango
lineages (Rambaut et al., 2020) v.3.1.17 (2021-12-06 released)
assigned to each genome sequence. The data were summarized
monthly by sample dates and Pango lineage category.

Infection Risk Adjusted for Population
Ratio

In our analyses, we defined Cg, as the number of confirmed cases
for age group a € A in a calendar week or outbreak period (),
and C; = > C,; as the total number of confirmed cases in a

acA
week or outbreak period (). I, and I; were the number of true

infections and D,,; and D; were the number of deaths for age
group a and week or outbreak period . In order to understand
the characteristics of age-specific SARS-CoV-2 infection, the risk
ratio (R) was calculated by dividing the proportion of age-specific
confirmed cases C, by the proportion of the age group population
as follows:

GG

= p,/P’

a

where P, denotes the population numbers in age group a € A and
P is the total population of South Korea, P=3", € A P,.

Fatality Rate

We defined the observed CFR,; as the number of deaths
(Dg,t) divided by the number of confirmed cases C,,;. The
IFR was based on the true number of infections. As the
number of true infections (I) is unknown, the effective IFR was
estimated by taking into account the age-specific IFR estimate
based on seropositive data of 34 geographic locations, including
South Korea as follows (Levin et al., 2020):

ﬁ _ 1073427 + 0.0524 x a
a — >

where the standard errors for estimated coefficients are 0.07 and
0.0013, respectively.

With the assumption that the age distribution influences the
number of true infections, the effective IFR can be calculated as
follows by a weighted average of age-specific IFR estimates,

TRy = > €A, x R,
a

where W, is an estimator for the fraction of infections
I,/I in age group a. The number of true infections I, is
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estimated by considering the age-dependent factor f via this
equation:

i = G = D,
= X = — = — X = =,
e “ IFR, “ IFR, 7 IFR,

where j‘a denotes the estimated factor in age group a.

Due to the small number of confirmed deaths in younger age
groups, I, was calculated for ages >50. Considering the period
from confirmation of infection to death, for confirmed cases in
the I, calculation, we used data obtained by December 31, 2021,
and data for COVID-19 deaths until January 15, 2022.

RESULTS

Epidemiologic Characteristics of Peak
and Base Periods of SARS-CoV-2 in

South Korea

During the SARS-CoV-2 pandemic, the shape of the incidence
curve generated by plotting the number of weekly confirmed
cases revealed four peak periods and interleaved three base
periods (Figure 1A). The number of deaths also produced four

peaks 2-3 weeks later than the confirmed cases (Figure 1B).
The fourth peak is still in progress. The starting point of a
peak period was defined by the doubling of weekly confirmed
cases or deaths over 1 week. The ending point was defined by
the time point at twice the number of weeks taken from the
starting point to the peak. The duration of the first three peaks
(5-11 weeks) was shorter than those of the three bases (9-
22 weeks). The average number of weekly confirmed cases in
peak periods was 5.6 & 0.7 times higher than in base periods. For
death, the average number of confirmed deaths in peak periods
was 6.0 = 1.7 times higher than that in base periods. These
repetitive peak and base periods were closely related to changes
in fatalities. Overall, as shown in Table 1, the height and duration
of peaks of confirmed cases and deaths grew taller and longer
over time. The number of confirmed cases in base 3 remained
at elevated levels compared to the previous two base periods. The
heights and lengths of peak 4 were much higher to the previous
three small peaks.

The Appearance of SARS-CoV-2 Variants

in South Korea
Consistent with the epidemiological data, variants found in
South Korea remained largely unchanged until Delta variants
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FIGURE 1 | Weekly confirmed cases and deaths due to SARS-CoV-2 in South Korea. (A) Weekly confirmed cases. (B) Weekly death cases. Data are from start of
epidemic until January 15, 2022. Peak periods are shown in gray.
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TABLE 1 | Demographics of SARS-CoV-2 by specified periods.

Peak 1 Base 1 Peak 2 Base 2 Peak 3 Base 3 Peak 4
Confirmed cases
Total cases 8,867 5,701 7,577 6,369 50,270 81,497 528,669
Average cases/week 1,773 285 1,515 708 4,570 3,704 18,881
Maximum cases/week 3,608 - 2,300 - 7,206 - 48,276
Minimum cases/week - 65 - 480 - 2,673
Duration of peak (in weeks) 5 20 5 9 11 22 28
Time period Feb 2020-Mar Mar 2020-Aug Aug 2020-Sep Sep 2020-Nov Nov 2020-Jan Feb 2021-Jul Jul 2021-Jan
2020 2020 2020 2020 2021 2021 2022
Death
Total deaths 240 69 123 73 1,048 563 4,166
Average deaths/week 27 4 18 12 81 24 181
Maximum deaths/week 42 - 25 - 158 - 532
Minimum deaths/week - 0 - 9 - 4 -
Duration of peak (in weeks) 9 17 7 6 13 24 23
Time period Mar 2020-Apr May 2020-Aug Aug 2020-Oct Oct 2020-Nov Nov 2020-Feb Feb 2021-Aug Aug 2021-Jan
2020 2020 2020 2020 2021 2021 2022
Peak 1 Base 1 Peak2 Base2 Peak3 Base 3 Peak 4
(Intermittent base) (Delta peak) No.
A 4 16 16 1 39
= B 18 16 1 35
E B.41 89 30 1 120
E B.1 23 8 6 7 38 20 2 4 4 3 1 4 2 122
2 B4 14 4 2 21 49 8 5 5 3 4 4 2 2 1 124
g' B.1.497 172 230 129 252 97 130 265 344 240 298 519 440 47 3 3,166
@ B.1.1.7 (vOC/Alpha) 13 32 84 73 255 102 133 99 9 2 802
g B.1.619.1 (FMV) 1 4 140 169 644 517 55 8 1,538
; B.1.617.2 (VOC/Delta) 7 9 10 88 31 28 5 2 1 181
o AY.69 (VOC/Delta) 2 99 1,044 1,685 2,104 2,159 1,985 436 9,514
g AY.122 (VvOC/Delta) 1 10 27 80 129 276 614 1,165 430 2,732
Q. AY* (VOC/Delta) 1 7 104 210 162 120 95 137 12 848
Others 8 8 21 13 55 28 27 43 26 37 74 52 46 151 164 122 116 11 1 3 6 1,012
,L&“ O ,L&Q S ,@@m@“ '»&Q m@“ @'19 O ,Lg»“ @w" SO O 20233
S P ¢ o (B W 3 PR o (O e 3 s Q‘q' N o“m N4 \&q’ & o
PR SR UG SRS MR S R SRR VAR GRS A SRR\ CA W 07 YO &
FIGURE 2 | SARS-CoV-2 variants identified in South Korea by month. Variants were classified based on Pango lineage v.3.1.17; WHO classifications are in
parentheses. VOC, variant of concern; FMV, formerly monitored variant; AY*, AY lineages excluding AY.69 and AY.122.

started to dominate in peak 4 (Figure 2). The predominant
lineages were B.41 for the peak 1 period, B.1.497 for the peak
2 and 3 periods, and AY.69 for the peak 4 period. Lineage
B.1.497, which led to SARS-CoV-2 infection for the longest
period in South Korea, was the dominant subgroup from May
2020 to April 2021 across the entire peak 2, peak 3, and part
of base 3. Even when B.1.1.7 rapidly spread worldwide in late
2020 (Alpert et al., 2021; Kraemer et al., 2021), B.1.497 and
B.1.619.1 variants outnumbered B.1.1.7 in South Korea. However,
as the infection progressed from peak 3 to base 3 periods (from
March to May 2021), the proportion of the B.1.497 variant
gradually decreased from 80 to 9%. Of note, during this period
several World Health Organization (WHO)-designated variants
of concern (VOC) were reclassified (World Health Organization,
2021). Among these, Alpha B.1.1.7 and formerly monitored
variant (FMV) B.1.619.1 emerged sequentially. Upon reaching
peak 4 in July 2021, the VOC Delta (B.1.617.2 and all descendent

lineages) quickly dominated and occupied up to 94% of peak 4.
Accordingly, base 3 is hereinafter referred to as intermittent base
and peak 4 to Delta peak.

Analysis of Fatality Rate Based on Peak
and Base Periods Associated With the

Number of Confirmed Cases

We verified whether the number of confirmed cases functioned
as an epidemic parameter standing for true infection cases. For
this purpose, the similarity between reported confirmed cases and
true infection cases was mathematically calculated as follows:

D, D,
la= IFR, = 10-327 +0.0524 x a

where I, is true infection cases, D is number of deaths, and IFR,
is infection fatality rate for age group.
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FIGURE 3 | Verification of confirmed cases as epidemic parameter for true
infection cases. Analysis of similarity between reported confirmed cases and
age-specific estimated true infection cases. Estimated true infection cases
with standard error are shown as dotted lines with error bars. Bar graph
shows the reported confirmed cases by age group.

The reported confirmed cases in each age groups were within
1 standard error of the estimated confirmed cases (Figure 3).
Specifically, estimated cases were 18,421, 32,707, 62,074, and
66,217 while reported confirmed cases were 20,655, 38,669,
90,604, and 92,341 for age groups of over 80, 70-79, 60-69, and
50-59, respectively.

The fatality rate was calculated by dividing deaths by the
number of confirmed cases of each peak or base period
(Figure 4A). The fatality rate during peak periods was higher
(range, 0.83-2.82%) than during base periods (range, 0.55-
1.03%). The fatality rate of the smallest peak (1.95%, peak 2) was
the lowest among the three small peaks. In analyses of age groups,
the fatality rate was highest in the oldest group and followed
sequentially by persons in their 70s, 60s, and 50s. In all age
groups, the number of confirmed cases was associated with the
fatality rate (Figure 4B).

After the peak 3 period and the appearance of Alpha and Delta
variants, the fatality rate remained low despite more confirmed
cases than recorded in prior peak and base periods.

SARS-CoV-2 Variants Shifted the Main

Age of Infection

During the study period, persons in their 20s had the highest
number of confirmed cases, 103,708 (Figure 5A). When
confirmed cases were compared with South Korean demographic
groups, persons in their 20s and 60s had the highest number
of confirmed cases per 1 million population (15,302 and
14,772, respectively). Those two age groups accounted for the
highest risk ratios among young- and old-age groups: 1.14 and
1.10, respectively (Figures 5B,C). When sex-specific difference
in fatality rate was analyzed, no clear difference was seen
with fatality rate of 0.90% for men and 0.92% for women
(Supplementary Figure 1).

To further analyze the age distribution of SARS-CoV-2
infections, the intermittent base (base 3) was divided into
intermittent bases 1 and 2 based on the shift of the major variant
(Figure 5D). The Delta peak was also divided into Delta peaks
1 and 2 based on the number of weekly total confirmed cases
in which Delta peak 2 showed a steep increase 16 weeks after
Delta peak 1 (Figure 5D). During the peak 2 and 3 periods,
the proportion of confirmed cases was lower in the 20s age
group than in the 60s age group (11.5% and 12.7% [peak 2]
and 20.1% and 15.9% [peak 3], respectively). The confirmed
cases in the age 20s group gradually increased and in the
age 60s group decreased during the intermittent base period
(22 weeks) with no vaccine effect. The confirmed cases of the
two age groups (20s and 60s) reached maximum and minimum
proportions (22.1 and 8.3%, respectively) in the intermittent
base 2 period. Vaccination program in South Korea started from
February 2021. Vaccination was prioritized to front line health
care workers, long term care residents and the people over
75 years of age. By October 2021, when Delta peak 1 was over,
the overall proportion of fully vaccinated population reached
80% (Supplementary Figure 2). Vaccinations of the 20s and 60s
groups were presumed to have a preventive effect in the Delta
peaks 2 and 1, respectively (Figure 5D).

SARS-CoV-2 Infection of the Young
Population Marked the Tipping Point in
the Pre-peak Period

Of the two main infection age groups, those in their 20s tended
to have more confirmed cases in a pre-peak period and those in
their 60s during a peak period (Figure 6A). The confirmed cases
of the 20s group increased to 20% on the brink of the peak period.
The pre-peak durations with sustained higher proportions of
confirmed cases of the 20s age group were similar when measured
at 40 days and 17 days before peaks 2 and 3, respectively. After
the pre-peak period, the total confirmed cases in total population
rapidly increased in accordance with the increase of confirmed
cases in the 60s group (Figure 6A). During the Delta peak
1 period, the confirmed cases of the 20s and 60s age groups,
respectively, were of high (23%) and low (8%) proportions that
were sustained for 187 days. In the 60s age group, confirmed cases
increased during the Delta peak 2 period. Overall, the number of
confirmed cases in the 20s age group increased repeatedly in the
pre-peak periods of both small- and large-peak outbreaks, even
though those in their 20s were infected for a longer period in
Delta peak (16 weeks).

The Delta variant infection period had low-level mortality
despite the increased number of total confirmed cases
(Figure 6B). Of the two Delta peaks, Delta peak 2 resulted
in increased mortality in those 60 and older compared to Delta
peak 1. The fatality rate of the 50s age group slightly declined in
the Delta peak 2 period because of the vaccine effect (Figure 6C).

DISCUSSION

In a previous study, the effective IFR of SARS-CoV-2 was
estimated by the age-specific incidence based on seropositive data
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FIGURE 4 | Fatality rate analysis based on peak and base periods. (A) Deaths due to SARS-CoV-2 divided by number of confirmed cases for each specified period.
(B) Fatality rate change by age group between periods.

(Levin et al., 2020). The number of confirmed cases reported
by South Korea was within 1 standard error of the estimated
infection cases based on seropositive data (Figure 3). Thus,
the nation-wide screening was found to cover enough potential
cases in the total population to determine the true number of
SARS-CoV-2 infected individuals in South Korea. The short-
term fatality rate was accurately evaluated by matching the
peak periods of confirmed infections and deaths (Figure 4).
Throughout the pandemic, there were high fatality rates during
peak periods and low fatality rates during base periods. Increase
in fatality rate during peak periods compared to base periods
could be explained by the increase of infection among old
age group which account for most of the death cases. Such
temporal and quantitative links between incidence and mortality
represented the level of infection in the population with no biased
diagnoses. These findings for acute SARS-CoV-2 infections
indicate that stringent preventive measures are of greatest
importance in lowering the fatality rate by lowering the number
of confirmed cases.

As a rule, the incidence of SARS-CoV-2 infection is higher
in younger populations than in older populations (Stringhini
et al., 2020; Takita et al., 2020). The initial outbreaks are

thought to have started in a young age group and spread to
an older group (Boechmer et al,, 2020; Lau et al., 2020; Oster
et al., 2020; Monod et al.,, 2021; Tran Kiem et al., 2021). In
the early stages of an outbreak, the incidence rate tends to be
underestimated due to a lack of epidemiological information. In
this study, people in their 20s and 60s were found to serve as
the two driving groups in SARS-CoV-2 infection. The number
of confirmed cases in the younger age group tended to increase
repeatedly during pre-peak periods that were close to the peak
periods except for the first peak period. When we evaluated
the data for South Korea, we found that a new wave of SARS-
CoV-2 infections could be predicted by monitoring age-specific
infection cases. Pre-peak increases in confirmed cases were
obvious in the 20s age group. The increase in infections in
persons aged 20-29 before the pre-peak tipping point was a
warning about an impending peak outbreak. As also reported in
a number of studies, increase of infection in young aged group
who are more socially active leads to the spread of infection
in other age groups (Stringhini et al., 2020; Monod et al,
2021). This spillover infection might enable a sharp increase of
confirmed cases in a total population, leading to a peak period
and a high fatality rate. The viral transmission from a young

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 891646


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Choi et al. Predictor for Peak COVID-19 Incidence
A B C
. Confirmed cases Risk ratio
Confirmed cases w per million
8 120000 & 20000 15
7] [72]
g 100000 8 15000
w 80000 u6 o 1.0
© 60000 2 10000 3
S 40000 2 oo 0.5
€ 20000 E
=] >
4 0 4 0 0.0
DD DD D (D DA D DO D aD OO DA D DO DD D DDA D
PRI NI S0 38 SRS O D PP IR I S350 3 AN
NECEENEE «%40‘ NEENENENE S «“046‘ NEENENENES '\QO&‘
Age (years) Age (years) Age (years)
D
== Qver 80 == 70-79 == 60-69 == 50-59 40-49 30-39 20-29 10-19 0-9
Over 75
! 74
? 5
N 60000 3
© =
o S 3
T Q o
] 40000 & 3
£ 2w
S ~
£ ;2
s 20000 $ &
o b b
[Te
o o
3 0 <
° 1 3 51 3 5 5 10 15 20 25 30 35 40 45 50 55 60 (weeks) N
L 11 ] | IL ] Il IL (]
I LA LI | L} 1 L1 i 1
Peak 1 Peak 2 Peak 3 Intermittent Intermittent Delta Delta
base 1 base 2 peak 1 peak 2
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group to an old-age group should be effectively managed by
stringent quarantine.

In general, vaccination is prioritized for the elderly and
younger age groups are subsequently vaccinated. The preventive
effect of vaccination on the elderly can be compromised by
high level of infection in younger groups who have yet to be
immunized. Nevertheless, vaccination of younger age groups has
a preventive effect on elderly groups as well. Thus, the sequential
vaccination effect starting from the young to the elderly (at 3-
month intervals) and vice versa should be evaluated based on
the age-specific short-term incidence and mortality of SARS-
CoV-2. Several variants appeared in an intermittent base period
between the third and fourth peaks. The confirmed cases within
the young age groups increased in association with the dominant
virus strain; however, confirmed cases among the old age groups
continued to decrease even before the effect of vaccination
appeared (Figure 5D). The COVID-19 incidence during the
intermittent base period was higher than in other base periods
with obvious shifts in the infected age groups. Even with high

levels of infection by the Delta variant in the young age group,
the new variant showed delayed spread to the older population,
although it was at an elevated base incidence during a long
intermittent period (22 weeks, Figure 5D). Perhaps to spread the
Delta variant from younger people to those in older groups, more
confirmed cases are needed to cross the threshold that triggers
spread to older persons. This suggests a difference between Delta
and non-Delta variants.

RNA viruses, unlike DNA viruses, generate more mutations
during replication due to higher error rates of their intrinsic
polymerase (Holland et al., 1982). RNA virus yields a large
group of genetically similar quasispecies (Domingo, 1998). Such
mutation-prone expansion of zoonotic RNA virus provides the
molecular basis for the acquisition of fitness to adapt to the
human host. Based on our findings and studies by other groups,
we further hypothesized that the directional selection of SARS-
CoV-2 increases fitness to young age group with decreased fatality
(Li et al., 2022; Shuai et al, 2022). In our results, fatality of
SARS-CoV-2 decreased in Delta peak compared to previous three
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FIGURE 6 | Analysis of age shifts in primary SARS-CoV-2 infections and fatality rates. (A) Changing patterns of proportions of confirmed cases in the 20-29 and
60-69 years-old age groups during each peak in relationship to weekly confirmed cases of SARS-CoV-2. Gray indicates peak periods of confirmed cases. Bars
indicate pre-peak period when the proportion of confirmed cases increased to 20% in Peaks 2 and 3 and 25% in the Delta peak. Total fatality rate (B) and fatality
rate by age group (C) for specified periods.

peaks with the main SARS-CoV-2-infected age group shifting
to a younger group. Moreover, Delta virus infection showed
delayed spread to older population. One study demonstrated
a higher transmission in young age group during the third
wave compared to previous first and second waves in Canada
where vaccination was only limited to long term care residents
and front line health care workers (McAlister et al., 2021).
Other human studies showed reduced fatality and hospitalization
rate in newer SARS-CoV-2 variants (Fan et al., 2021; Emani
et al., 2022). Delta variants were less pathogenic compared to
previous isolates including Alpha and Beta variants in a mouse
model (Shuai et al., 2022). In addition, more frequent intra-
host single-nucleotide SARS-CoV-2 variant accumulation was
observed in young patients compared to old patients, suggesting
higher chance for genetic adaptation in younger hosts (Li
et al., 2022). Overall, these studies support our hypothesis about
SARS-CoV-2 evolution despite the high social contact among
young people and prior vaccination of old aged group still

significantly contribute higher level of SARS-CoV-2 infection in
younger age groups.

During the intermittent base period, South Korea successfully
controlled the spread of COVID-19 and introduced a low-level
quarantine policy for a 2- to 3-month period until confirmed
cases sharply increased (Figure 2, Base 3). At the largest peak
of confirmed cases (Delta peak 2), there were numerous deaths
in the elderly despite a vaccination rate of more than 80%.
Vaccines effectively protected at-risk groups in earlier stages of
the pandemic when mutations were less frequent but were less
effective in protecting against Delta variants (Pouwels et al,
2021). In South Korea, because stringent quarantines played a
critical role in lowering the fatality rate as well as the number of
confirmed cases, vaccines likely less contributed against infection
of Delta variants compared to other countries with higher
numbers of confirmed cases and deaths.

Israel introduced early vaccination unlike Sweden, which
adopted a less stringent quarantine strategy accompanied by a
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vaccination program (Barda et al., 2021). Sweden subsequently
had a lower prevalence of Delta variants than Israel (Paterlini,
2021). Therefore, the lower burden from Delta variants shown
in Sweden may be ascribed to herd immunity achieved by lower
levels of quarantine rather than to a vaccine effect. While some
studies report rapid decline in SARS-CoV-2 specific neutralizing
IgM and IgG levels (Xiang et al., 2021), other studies reported the
long-lasting immunological memory against SARS-CoV-2 (Jung
et al., 2021; Keeton et al., 2022; Tarke et al., 2022). Previous
studies also suggested that natural infection induces a broader
spectrum of protection against multiple variants (Dan et al., 2021;
Gazit et al,, 2021). In South Korea and Singapore, both of which
had successful quarantines, the highly transmissible Delta variant
spread during low-level quarantines despite high vaccination
rates. A high proportion of the unvaccinated populations,
especially in older age groups, were vulnerable to Delta variants.
The Delta variant outbreak revealed an unexpected problem
resulting from stringent quarantine policies and suggested the
need for more sophisticated policy decisions.

For sex difference in SARS-CoV-2 fatality, recent studies
have shown higher mortality of SARS-CoV-2 in men compared
to women (Chanana et al.,, 2020; Jin et al., 2020; Sha et al,,
2021). Another study also reported significant lower risk of in-
hospital death among COVID-19 infected patients in women
in South Korea (Her et al, 2022). However, in this study,
there was no clear difference in sex-specific fatality rate with
that of 0.90% for men and 0.92% for women. The discrepancy
between these results is presumed to be due to the difference
in whether the study subjects were hospitalized patients or total
confirmed patients.

In summary, South Korea’s strict quarantine policy included
isolation of infected persons and strict mask policy. The value of
quarantines is measured by their effectiveness in early control of
unexpected outbreaks and the level of protection they provide
for high-risk groups. Since reducing effective contact in older
individuals reduces mortality (Gondim and Machado, 2020;
Tran Kiem et al., 2021), an age-dependent two-track quarantine
is needed to maintain high-level protection for those aged
60 and older while keeping low-level measures in place for

REFERENCES

Alpert, T., Brito, A. F., Lasek-Nesselquist, E., Rothman, J., Valesano, A. L., Mackay,
M.J., etal. (2021). Early introductions and transmission of SARS-CoV-2 variant
B.1.1.7 in the United States. Cell 184, 2595-2604¢2513.

Barda, N., Dagan, N., Cohen, C., Hernan, M. A., Lipsitch, M., Kohane, L. S,
et al. (2021). Effectiveness of a third dose of the BNT162b2 mRNA COVID-19
vaccine for preventing severe outcomes in Israel: an observational study. Lancet
398, 2093-2100. doi: 10.1016/S0140-6736(21)02249-2

Boehmer, T. K., Devies, ]., Caruso, E., Van Santen, K. L., Tang, S., Black, C. L., et al.
(2020). Changing age distribution of the COVID-19 pandemic - United States,
May-August 2020. MMWR Morb. Mortal Wkly Rep. 69, 1404-1409. doi: 10.
15585/mmwr.mm6939el

Chanana, N., Palmo, T., Sharma, K., Kumar, R., Graham, B. B., and Pasha, Q.
(2020). Sex-derived attributes contributing to SARS-CoV-2 mortality. Am.
J. Physiol. Endocrinol. Metab. 319, E562-E567. doi: 10.1152/ajpendo.0029
5.2020

Dan, J. M., Mateus, J., Kato, Y., Hastie, K. M., Yu, E. D., Faliti, C. E., et al. (2021).
Immunological memory to SARS-CoV-2 assessed for up to 8 months after
infection. Science 371:¢abf4063. doi: 10.1126/science.abf4063

younger age groups to secure herd immunity. In this scenario,
booster vaccinations may be prioritized for older persons while
limiting vaccinations for younger age groups to once each winter.
Knowing the true number of infection cases will aid in adjusting
quarantine policy to reflect the rapid change of infection status of
SARS-CoV-2 or newly emerging infectious diseases in the future.
The epidemiologic data from the COVID-19 outbreak provided
useful information for effective responses to the unfinished
COVID-19 and possible future pandemics.

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.

AUTHOR CONTRIBUTIONS

HC and SS performed the analysis and wrote the manuscript.
S-US, S-JH, and M-GR designed the studies and wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by the Bio & Medical Technology
Development Program of the National Research Foundation
(NRF) funded by the Ministry of Science and ICT (2021M3-
E5E3080927).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.891646/full#supplementary- material

Domingo, E. (1998). Quasispecies and the implications for virus persistence and
escape. Clin. Diagn. Virol. 10, 97-101. doi: 10.1016/50928-0197(98)00032-4
Emani, V. R, Nakka, A. S., Goswami, K. K., Emani, S. R., Maddula, K. R., Reddy,
N. K, etal. (2022). Changing dynamics of SARS-CoV2 B.1.617.2 (Delta variant)
outbreak in the United Kingdom: shifting of SARS-CoV2 infections from
younger to elderly populations with increasing hospitalizations and mortality
among elderly. medRxive. [Preprint]. doi: 10.1016/j.jgar.2022.02.014

Fan, G, Yang, Z., Lin, Q., Zhao, S., Yang, L., and He, D. (2021). Decreased case
fatality rate of COVID-19 in the second wave: a study in 53 countries or regions.
Transbound Emerg. Dis. 68, 213-215. doi: 10.1111/tbed.13819

Farrag, M. A., Amer, H. M., Bhat, R., and Almajhdi, F. N. (2021). Sequence and
phylogentic analysis of MERS-CoV in Saudi Arabia, 2012-2019. Virol. J. 18:90.
doi: 10.1186/s12985-021-01563-7

Fouchier, R. A., Hartwig, N. G., Bestebroer, T. M., Niemeyer, B., De Jong, J. C,,
Simon, J. H., et al. (2004). A previously undescribed coronavirus associated with
respiratory disease in humans. Proc. Natl. Acad. Sci. U S A. 101, 6212-6216.

Gazit, S., Perez, G., Lotan, R., Peretz, A., Ben-Tov, A., Cohen, D., et al. (2021).
Comparing SARS-CoV-2 natural immunity to vaccine-induced immunity:
reinfections versus breakthrough infections. medRxiv. [Preprint]. doi: 10.1101/
2021.08.24.21262415

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 891646


https://www.frontiersin.org/articles/10.3389/fmicb.2022.891646/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.891646/full#supplementary-material
https://doi.org/10.1016/S0140-6736(21)02249-2
https://doi.org/10.15585/mmwr.mm6939e1
https://doi.org/10.15585/mmwr.mm6939e1
https://doi.org/10.1152/ajpendo.00295.2020
https://doi.org/10.1152/ajpendo.00295.2020
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1016/s0928-0197(98)00032-4
https://doi.org/10.1016/j.jgar.2022.02.014
https://doi.org/10.1111/tbed.13819
https://doi.org/10.1186/s12985-021-01563-7
https://doi.org/10.1101/2021.08.24.21262415
https://doi.org/10.1101/2021.08.24.21262415
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Choi et al.

Predictor for Peak COVID-19 Incidence

Gondim, J. A. M., and Machado, L. (2020). Optimal quarantine strategies for
the COVID-19 pandemic in a population with a discrete age structure. Chaos
Solitons Fractals 140:110166. doi: 10.1016/j.cha0s.2020.110166

Her, A. Y., Bhak, Y., Jun, E. ], Yuan, S. L., Garg, S., Lee, S., et al. (2022). Sex-specific
difference of in-hospital mortality from COVID-19 in South Korea. PLoS One
17:€0262861. doi: 10.1371/journal.pone.0262861

Holland, J., Spindler, K., Horodyski, F., Grabau, E., Nichol, S., and Vandepol, S.
(1982). Rapid evolution of RNA genomes. Science 215, 1577-1585. doi: 10.1126/
science.7041255

Jin, J. M., Bai, P., He, W., Wu, F,, Liu, X. F., Han, D. M,, et al. (2020). Gender
Differences in Patients With COVID-19: focus on Severity and Mortality. Front.
Public Health 8:152. doi: 10.3389/fpubh.2020.00152

Jung, J. H., Rha, M. S,, Sa, M., Choi, H. K, Jeon, J. H., Seok, H., et al. (2021). SARS-
CoV-2-specific T cell memory is sustained in COVID-19 convalescent patients
for 10 months with successful development of stem cell-like memory T cells.
Nat. Commun. 12:4043. doi: 10.1038/s41467-021-24377-1

Keeton, R., Tincho, M. B., Ngomti, A., Baguma, R., Benede, N., Suzuki, A,, et al.
(2022). T cell responses to SARS-CoV-2 spike cross-recognize Omicron. Nature
603, 488-492. doi: 10.1038/s41586-022-04460-3

Kraemer, M. U. G,, Hill, V., Ruis, C., Dellicour, S., Bajaj, S., Mccrone, J. T,
et al. (2021). Spatiotemporal invasion dynamics of SARS-CoV-2 lineage B.1.1.7
emergence. Science 373, 889-895. doi: 10.1126/science.abj0113

Lau, M. S. Y., Grenfell, B., Thomas, M., Bryan, M., Nelson, K., and Lopman, B.
(2020). Characterizing superspreading events and age-specific infectiousness of
SARS-CoV-2 transmission in Georgia. USA. Proc. Natl. Acad. Sci. U S A. 117,
22430-22435. doi: 10.1073/pnas.2011802117

Levin, A. T., Hanage, W. P., Owusu-Boaitey, N., Cochran, K. B., Walsh, S. P,,
and Meyerowitz-Katz, G. (2020). Assessing the age specificity of infection
fatality rates for COVID-19: systematic review, meta-analysis, and public policy
implications. Eur. J. Epidemiol. 35,1123-1138. doi: 10.1007/s10654-020-00698-
1

Li, J., Du, P, Yang, L., Zhang, J., Song, C., Chen, D., et al. (2022). Two-step
fitness selection for intra-host variations in SARS-CoV-2. Cell Rep. 38:110205.
doi: 10.1016/j.celrep.2021.110205

McAlister, F. A., Nabipoor, M., Chu, A., Lee, D. S., Saxinger, L., and Bakal, J. A.
(2021). Lessons From The COVID-19 Third Wave In Canada: the Impact
Of Variants Of Concern And Shifting Demographics. medRxive. [Preprint].
doi: 10.1101/2021.08.27.21261857

Monod, M., Blenkinsop, A., Xi, X., Hebert, D., Bershan, S., Tietze, S., et al. (2021).
Age groups that sustain resurging COVID-19 epidemics in the United States.
Science 371:eabe8372. doi: 10.1126/science.abe8372

National Center for HIV/AIDS, Viral Hepatitis, STD, and TB Prevention (U.S.).
Division of HIV/AIDS Prevention (2011). Guidance on Community Viral Load
: A Family of Measures, Definitions, and Method for Calculation. Atlanta, GA:
Centers for Disease Control and Prevention.

O’driscoll, M., Ribeiro Dos Santos, G., Wang, L., Cummings, D. A. T., Azman,
A. S, Paireau, J., et al. (2021). Age-specific mortality and immunity patterns of
SARS-CoV-2. Nature 590, 140-145. doi: 10.1038/s41586-020-2918-0

Oster, A. M., Caruso, E., Devies, J., Hartnett, K. P., and Boehmer, T. K. (2020).
Transmission Dynamics by Age Group in COVID-19 Hotspot Counties -
United States, April-September 2020. MMWR Morb. Mortal Wkly Rep. 69,
1494-1496. doi: 10.15585/mmwr.mmé6941el

Our World in Data (2022). Our World in Data. Available online at: https://
ourworldindata.org (accessed January 1, 2022).

Park, Y., Huh, L S, Lee, J., Kang, C. R., Cho, S. I, Ham, H. J,, et al. (2020).
Application of Testing-Tracing-Treatment Strategy in Response to the COVID-
19 Outbreak in Seoul, Korea. J. Kor. Med. Sci. 35:€396. doi: 10.3346/jkms.2020.
35.396

Paterlini, M. (2021). What now for Sweden and covid-19? BMJ 375:n3081. doi:
10.1136/bm;j.n3081

Pouwels, K. B., Pritchard, E., Matthews, P. C,, Stoesser, N., Eyre, D. W., Vihta, K. D,,
et al. (2021). Effect of Delta variant on viral burden and vaccine effectiveness
against new SARS-CoV-2 infections in the UK. Nat. Med. 27, 2127-2135. doi:
10.1038/541591-021-01548-7

Rambaut, A., Holmes, E. C., O’Toole, A, Hill, V., McCrone, J. T., Ruis, C., et al.
(2020). A dynamic nomenclature proposal for SARS-CoV-2 lineages to assist

genomic epidemiology. Nat. Microbiol. 5,1403-1407. doi: 10.1038/s41564-020-
0770-5

Sah, P., Fitzpatrick, M. C., Zimmer, C. F., Abdollahi, E., Juden-Kelly, L., Moghadas,
S. M, et al. (2021). Asymptomatic SARS-CoV-2 infection: a systematic review
and meta-analysis. Proc. Natl. Acad. Sci. U S A. 118:€2109229118. doi: 10.1073/
pnas.2109229118

Sha, J., Qie, G., Yao, Q., Sun, W., Wang, C., Zhang, Z., et al. (2021). Sex Differences
on Clinical Characteristics, Severity, and Mortality in Adult Patients With
COVID-19: a Multicentre Retrospective Study. Front. Med. 8:607059. doi: 10.
3389/fmed.2021.607059

Shin, H. S., Park, H., Kwon, J. S., Namgoong, H., Kim, S. J., Kim, J. M., et al.
(2021). National Academy of Medicine of Korea (NAMOK) Key Statements on
COVID-19. J. Kor. Med. Sci. 36:€287. doi: 10.3346/jkms.2021.36.e287

Shuai, H., Chan, J. F., Hu, B., Chai, Y., Yuen, T. T., Yin, F., et al. (2022).
Attenuated replication and pathogenicity of SARS-CoV-2 B.1.1.529 Omicron.
Nature. [Epub ahead of print]. doi: 10.1038/s41586-022-04442-5

Stringhini, S., Wisniak, A., Piumatti, G., Azman, A. S., Lauer, S. A., Baysson, H.,
et al. (2020). Seroprevalence of anti-SARS-CoV-2 IgG antibodies in Geneva,
Switzerland (SEROCoV-POP): a population-based study. Lancet 396, 313-319.
doi: 10.1016/S0140-6736(20)31304-0

Takita, M., Matsumura, T., Yamamoto, K., Yamashita, E., Hosoda, K., Hamaki,
T., et al. (2020). Geographical Profiles of COVID-19 Outbreak in Tokyo:
an Analysis of the Primary Care Clinic-Based Point-of-Care Antibody
Testing. J. Prim. Care Community Health 11:2150132720942695. doi: 10.1177/
2150132720942695

Tarke, A., Coelho, C. H., Zhang, Z., Dan, J. M., Yu, E. D., Methot, N, et al.
(2022). SARS-CoV-2 vaccination induces immunological T cell memory able
to cross-recognize variants from Alpha to Omicron. Cell 185, 847-859¢811.
doi: 10.1016/j.cell.2022.01.015

Tran Kiem, C., Bosetti, P., Paireau, J., Crepey, P., Salje, H., Lefrancq, N., et al.
(2021). SARS-CoV-2 transmission across age groups in France and implications
for control. Nat. Commun. 12:6895. doi: 10.1038/s41467-021-27163-1

Woo, P. C, Lau, S. K, Chu, C. M., Chan, K. H, Tsoi, H. W., Huang, Y.,
et al. (2005). Characterization and complete genome sequence of a novel
coronavirus, coronavirus HKU1, from patients with pneumonia. J. Virol. 79,
884-895. doi: 10.1128/]JV1.79.2.884-895.2005

Woo, P. C, Lau, S. K, Lam, C. S, Lau, C. C,, Tsang, A. K, Lau, J. H,, et al.
(2012). Discovery of seven novel Mammalian and avian coronaviruses in
the genus deltacoronavirus supports bat coronaviruses as the gene source of
alphacoronavirus and betacoronavirus and avian coronaviruses as the gene
source of gammacoronavirus and deltacoronavirus. J. Virol 86, 3995-4008.
doi: 10.1128/JV1.06540-11

World Health Organization (2021). Tracking SARS-CoV-2 variants. Available
online at: https://www.who.int/en/activities/tracking- SARS- CoV-2-variants
(accessed December 20, 2021)

Xiang, T., Liang, B., Fang, Y., Lu, S., Li, S., Wang, H., et al. (2021). Declining Levels
of Neutralizing Antibodies Against SARS-CoV-2 in Convalescent COVID-19
Patients One Year Post Symptom Onset. Front. Immunol. 12:708523. doi: 10.
3389/fimmu.2021.708523

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.

Copyright © 2022 Choi, Shin, Hong, Seo and Rhyu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 891646


https://doi.org/10.1016/j.chaos.2020.110166
https://doi.org/10.1371/journal.pone.0262861
https://doi.org/10.1126/science.7041255
https://doi.org/10.1126/science.7041255
https://doi.org/10.3389/fpubh.2020.00152
https://doi.org/10.1038/s41467-021-24377-1
https://doi.org/10.1038/s41586-022-04460-3
https://doi.org/10.1126/science.abj0113
https://doi.org/10.1073/pnas.2011802117
https://doi.org/10.1007/s10654-020-00698-1
https://doi.org/10.1007/s10654-020-00698-1
https://doi.org/10.1016/j.celrep.2021.110205
https://doi.org/10.1101/2021.08.27.21261857
https://doi.org/10.1126/science.abe8372
https://doi.org/10.1038/s41586-020-2918-0
https://doi.org/10.15585/mmwr.mm6941e1
https://ourworldindata.org
https://ourworldindata.org
https://doi.org/10.3346/jkms.2020.35.e396
https://doi.org/10.3346/jkms.2020.35.e396
https://doi.org/10.1136/bmj.n3081
https://doi.org/10.1136/bmj.n3081
https://doi.org/10.1038/s41591-021-01548-7
https://doi.org/10.1038/s41591-021-01548-7
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1073/pnas.2109229118
https://doi.org/10.1073/pnas.2109229118
https://doi.org/10.3389/fmed.2021.607059
https://doi.org/10.3389/fmed.2021.607059
https://doi.org/10.3346/jkms.2021.36.e287
https://doi.org/10.1038/s41586-022-04442-5
https://doi.org/10.1016/S0140-6736(20)31304-0
https://doi.org/10.1177/2150132720942695
https://doi.org/10.1177/2150132720942695
https://doi.org/10.1016/j.cell.2022.01.015
https://doi.org/10.1038/s41467-021-27163-1
https://doi.org/10.1128/JVI.79.2.884-895.2005
https://doi.org/10.1128/JVI.06540-11
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants
https://doi.org/10.3389/fimmu.2021.708523
https://doi.org/10.3389/fimmu.2021.708523
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	High Level of SARS-CoV-2 Infection in Young Population Is a Predictor for Peak Incidence
	Introduction
	Materials and Methods
	Data Source
	Variant Data
	Infection Risk Adjusted for Population Ratio
	Fatality Rate

	Results
	Epidemiologic Characteristics of Peak and Base Periods of SARS-CoV-2 in South Korea
	The Appearance of SARS-CoV-2 Variants in South Korea
	Analysis of Fatality Rate Based on Peak and Base Periods Associated With the Number of Confirmed Cases
	SARS-CoV-2 Variants Shifted the Main Age of Infection
	SARS-CoV-2 Infection of the Young Population Marked the Tipping Point in the Pre-peak Period

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


