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ABSTRACT

The proportion of population vaccinated cannot be directly translated into the herd 
immunity. We have to account for the age-stratified contact patterns to calculate the 
population immunity level, since not every individual gathers evenly. Here, we calculated 
the contact-adjusted population immunity against severe acute respiratory syndrome 
coronavirus 2 in South Korea using age-specific incidence and vaccine uptake rate. We 
further explored options to achieve the theoretical herd immunity with age-varying immunity 
scenarios. As of June 21, 2021, when a quarter of the population received at least one dose of a 
coronavirus disease 2019 (COVID-19) vaccine, the contact-adjusted immunity level was 12.5% 
under the social distancing level 1. When 80% of individuals aged 10 years and over gained 
immunity, we could achieve a 58.2% contact-adjusted immunity level. The pros and cons of 
vaccinating children should be weighed since the risks of COVID-19 for the young are less 
than the elderly, and the long-term safety of vaccines is still obscure.
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Coronavirus disease 2019 (COVID-19) has swamped the world since the first reported case in 
November 2019, with 179 million confirmed cases and 3.8 million deaths as of June 26, 2021.1 
However, according to the World Health Organization in October 2020, 10% of the global 
population might have been infected by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), without even confirmation.2

Given that in mind, South Korea has defended SARS-CoV-2 well with keen public health 
measures.3 It reported 154,457 confirmed cases and 2,012 deaths as of June 26, 2021, 
recording a case fatality ratio of 1.3%, which is close to the known infection fatality ratio 
1.15% (0.78–1.79%, 95% prediction interval range) in high-income countries.4,5 This suggests 
that the South Korean ascertainment ratio is not far from the reality, in line with the low 
seroprevalence of SARS-CoV-2 specific antibodies as 0.27% in May 2021.

To maintain this status, COVID-19 vaccines are expected to play an important role especially 
in South Korea, considering that immunity from natural infection is insufficient to reach 
herd immunity levels (i.e., proportion of immune individuals that lead to a decline of 
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infection). The basic reproduction number (R0) is often cited to be between 2 and 3 for SARS-
CoV-2, although a wider range of values is possible.6-8 Based on these values of R0, the herd 
immunity level to prevent COVID-19 outbreaks requires a population immunity of 50% to 
67% (1 − 1/R0).

To capture reality, transmission-relevant contact occurring between different age groups 
should be considered in calculating population immunity levels.9 We calculated the contact-
adjusted immunity levels against SARS-CoV-2 in South Korea and explored future options to 
achieve a contact-adjusted immunity level as a herd-immunity threshold.

We used publicly available data reported daily by the Korea Disease Control and Prevention 
Agency.10 Age-specific immunity levels were estimated by combining the COVID-19 
incidence data with vaccine coverage data. We assumed 100% immunity after natural SARS-
CoV-2 infection and a vaccine effectiveness of 86.0%, 89.7%, and 66.9% after one dose of 
AstraZeneca, Pfizer/BioNTech, and Janssen vaccine, respectively.10-12

Because social contact patterns in South Korea have not been elucidated, we attempted 
to find plausible substitutes. We adopted the projected number of contacts between age 
groups from a study conducted by Prem et al.13 To capture the change of contact patterns as 
a result of social distancing measures, we accounted for school closure policies and reduced 
contact rates at both work and other places using Google mobility data.14,15 In short, school 
attendance in South Korea was capped at two-thirds during national distancing level 1, 
one-third during level 2 (except for high schools which remained at two-thirds), and remote 
learning only during level 3.4 We also conducted a sensitivity analysis by splitting age groups 
into two groups: under the age of 20 and 20 years or more, with varying the number of 
contacts in each group by 0.8 to 1.2 times. Age-structured population data was obtained from 
Statistics Korea.16

We calculated plain immunity levels as the overall proportion of the population that were 
immune, and further combined immunity levels with contact data to calculate contact-
adjusted immunity levels.9,17 Briefly, the R0 is defined as the spectral radius (largest 
eigenvalue, ρ) of the next-generation matrix K.

R0 = ρ(K)

In the age-structured model, the elements of the next-generation matrix are presented as

where qi denotes the probability that a contact between a susceptible in age group i and an 
infectious person leads to infection, Φij is the number of contacts an individual of age group 
j makes with those of age group i. Ni and Nj are the number of individuals in groups i and 
j, respectively. We used qi values from our previous study (the lowest value of 0.0293, 95% 
confidence interval [CI; 0.0270–0.0316] in the age group 5 to 10 years; the highest value of 
0.157, 95% CI [0.1518–0.1637] in the age group of over 75 years).18
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K' is a matrix with elements

k'ij = kij(1 − ri)

where ri is the immunity level in age group i. We interpreted

as contact-adjusted immunity, which is the population immunity once age-specific contact 
patterns are considered. All analyses were conducted using the R statistical software version 
3.6.1 (R foundation for Statistical Computing, Vienna, Austria). Code and data to reproduce 
the analyses are available at https://github.com/Hwichang/Contact-adjusted-immunity-levels-
against-COVID-19-in-South-Korea.

First, we calculated cumulative contact-adjusted immunity levels based on the reported age-
specific incidence and vaccination proportion at present. Further, we explored future options 
to achieve herd immunity levels with age-varying immunity scenarios.

The contact matrices of original (no social distancing), social distancing level 1, and 2 are 
presented in Fig. 1. The contact-adjusted immunity level estimated based on both COVID-19 
incidence and vaccination data under different social distancing policies are shown in Fig. 2A.  
As of June 21, 2021, when a quarter of the population had received at least one dose of a 
COVID-19 vaccine, the contact-adjusted immunity level reached 12.5% under social distancing 
level 1 (14.1% under social distancing level 2).

Currently, authorized COVID-19 vaccines in South Korea have been scheduled for individuals 
18 years and over. In that, we explored how far the population immunity could reach when 
most of the population aged 20 years and over gained immunity against SARS-CoV-2. 
Since we expect normal life to resume as in the pre-COVID-19 era once sufficient people 
are vaccinated, we applied the original contact matrix to calculate the contact-adjusted 
population immunity. Even if we achieve 100% immunity for everyone aged 20 years and 
over, the contact-adjusted immunity would be 28.1%, which is less than the expected herd 
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Fig. 1. Age-specific contact patterns in South Korea under the different social distancing measures.13
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immunity threshold. When 80% of individuals aged 10 years and over gained immunity, we 
could achieve a 58.2% contact-adjusted immunity level (Fig. 2B). Various scenarios to attain 
higher immunity levels are shown in Supplementary Fig. 1.

In this study, we present contact-adjusted immunity levels against SARS-CoV-2 in South 
Korea, as the vaccinated population increases. Contact numbers in school-aged children are 
greater than for most other age groups, and an elderly-oriented vaccination strategy is thus 
less likely to achieve the herd immunity threshold.

Herd immunity, however, is not a fixed level. It theoretically depends on the R0 without any 
intervention, but it can be changed by the effective reproduction number (Re) at a specific time 
and place. If strict social distancing measures are applied and the Re drops below 1, there is no 
need for herd immunity to suppress the outbreak since it will fade away by itself. In contrast, if 
the R0 of variants is higher than the original virus, herd immunity is unlikely to be achieved.

To reach the theoretical herd immunity against SARS-CoV-2, it appears that the immunity 
of those aged 10- to 19-years is important. Nonetheless, the risks of COVID-19 for children 
are much less than that for the elderly, and the long-term safety of mRNA and viral vector 
vaccines, both delivering genetic materials into the host, is yet to be elucidated. There are 
reports of myocarditis and pericarditis following mRNA vaccines, particularly in adolescents 
and young adults in the United States, and thrombosis after viral vector vaccines again in 
younger adults in Europe.19-21

Given that the clinical impact of COVID-19 is particularly harmful to the elderly, and there are 
still safety issues in the young, it is time to weigh up the pros and cons of vaccinating younger 
age groups. These groups have the highest contact numbers, and herd immunity may not be 
achieved without including them but vaccinating the most vulnerable elderly might be enough 
to restore the normality. Indeed, the United Kingdom (UK) announced zero coronavirus 
deaths on June 1, 2021, since the pandemic began.22 The UK has one of the world's highest 
vaccination rates, and it also maintains the elderly-prioritized vaccination strategy.
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Fig. 2. Contact-adjusted immunity level against COVID-19 (A) based on the reported age-specific incidence and vaccine uptake rates under the various social 
distancing measures, and (B) scenario modelling through raising immunity of each age group. Plain immunity was calculated by overall proportion of the 
population immune. 
COVID-19 = coronavirus disease 2019. 
*In sensitivity analysis, the lowest value is drawn if there are 1.2 times contacts for age groups under 20 (< 20 years) and 0.8 times contacts for age groups 20 
years and over (≥ 20 years); and the highest is drawn if there are 0.8 times contacts for < 20 years groups and 1.2 times contacts for ≥ 20 years groups.



There are some limitations in this study. First, the employed contact matrix is not of our 
own empirical data, but of mathematically estimated one. Furthermore, although we tried 
to modify this original (pre-pandemic) contact matrix to apply social distancing measures, it 
might be insufficient to reflect reality. Nonetheless, the employed matrix in this study shows 
an age-assortative mixing pattern that is similar to the age-specific transmission matrix in 
South Korea.23 Establishing a South Korean contact matrix may improve the accuracy of our 
analysis. Second, we could not take into account the individual variation in transmissibility 
such as a super-spreading event, which is a notable feature of SARS-CoV-2. Hence, the 
estimates driven here might not be convincing. Third, we regard the confirmed COVID-19 
case numbers as real case numbers since the case fatality ratio is close to the reference and 
the latest national seroprevalence of SARS-CoV-2 antibodies was 0.27% as in May 2021.5 
However, this assumption might not be accurate. Lastly, we did not account for the waning of 
vaccine-induced immunity in this study.

Here, we presented contact-adjusted population immunity against SARS-CoV-2 in South 
Korea. We believe that this is the first report of contact-adjusted immunity against SARS-
CoV-2 using national seroprevalence data, vaccine uptake rates, and an age-specific contact 
matrix. Further, we propose target age-specific immunity levels required to reach the herd 
immunity. The theoretical herd immunity threshold might not be attainable, but we might be 
able to restore the normalcy with vaccinating the vulnerable population, especially the elderly.
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