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Although the primary and secondary vaccination rates in Korea account for over 75% of the total population, confirmed cases of COVID-19 are dramatically increasing due to immune waning and the Omicron variant. Therefore, it is urgent to evaluate the effectiveness of booster vaccination strategies for living with COVID-19. In this work, we have developed an age-specific mathematical model with eight age groups and included age-specific comorbidities to evaluate the effectiveness of age-specific vaccination prioritization strategies to minimize morbidity and mortality. Furthermore, we have investigated the impacts of age-specific vaccination strategies for different vaccine supplies and non-pharmaceutical intervention levels during two periods: (1) when vaccine supply was insufficient and (2) after the emergence of the omicron variant. During the first period, the best option was to vaccinate the 30–49 year age group and the group with comorbidities to minimize morbidity and mortality, respectively. However, a booster vaccination should prioritize the 30–49 year age group to promote both minimal morbidity and mortality. Critical factors, such as vaccination speed, vaccine efficacy, and non-pharmaceutical interventions (NPIs), should be considered for effective vaccination prioritization as well. Primary, secondary vaccinations, and a booster shot vaccinations require different age prioritization strategies under different vaccination rates, vaccine efficacies, and NPI levels.
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1. INTRODUCTION

SARS-CoV-2 infection has increased dramatically worldwide since the Omicron variant has become dominant. As of February 26, 2022, approximately 433 million cases and 6 million deaths had been reported worldwide (1). In Korea, the cumulative number of confirmed cases exceeded 2,800,000, and the death toll exceeded 7,000, causing a public health and economic crisis (2). Before the development of a coronavirus vaccine, most countries relied on non-pharmaceutical intervention strategies (NPIs), such as social distancing, isolation, contact tracing, and quarantine, as preventive measures against the spread of COVID-19.

Nonetheless, NPIs alone cannot end the epidemic, although they can slow the spread of the disease and prevent larger outbreaks to ensure that the rate of hospitalizations and deaths are manageable (3). However, lifting the NPIs could trigger a sharp rise in infection rate at any time without the majority of the population being immune to COVID-19, while the implementation of NPIs can cause economic damage and various adverse health effects (4, 5). Therefore, high vaccine coverage and NPI adherence are essential to control the COVID-19 pandemic. There is no clear evidence of which vaccination strategies are most effective in reducing the number of deaths and infections and enabling the safe lifting of NPIs without rebounding the infection.

There are two distinct situations in which South Korea must choose a vaccination strategy. The first is the period when the quantity of vaccine is insufficient at the initial stage of supply, and the second is the period when booster doses are recommended owing to waning of vaccine-induced immunity and the surge of the Omicron variant. In these two periods, when supply is insufficient to form herd immunity and the vaccination rate is low owing to vaccine hesitancy (6, 7), evidence is needed as to which population should be vaccinated first to effectively reduce both morbidity and mortality. Vaccination prioritization strategies for COVID-19 in Korea has involved vaccination of workers in high-risk medical institutions and epidemiological investigators, followed by vaccination of the high-risk group and the rest of the population, which was then expanded to target adolescents over 12 years of age with relatively low serious risks (8).

However, unlike the vaccination strategy in Korea, the World Health Organization's recommendations include immunocompromised persons, adults with comorbidities, and pregnant women in higher-priority use groups (9). Therefore, there is an urgent need to evaluate the effectiveness of prioritization vaccination for populations with comorbidities. In November 2021, when the domestic vaccination completion rate reached 75% and the primary vaccination rate reached 80%, the NPIs began to decrease. However, owing to the earlier-than-expected decline in the effectiveness of vaccines in the elderly (immunity waning), many patient deaths occurred that the medical system could not afford.

In addition, the Omicron variant that was announced on November 25, 2021, is expected to spread worldwide and become the dominant species in Korea during February 2022 (10). Caution is needed as the Omicron-variant virus may evade vaccine-induced or natural immunity to COVID-19 (11). A booster shot appears to counteract the waning protection of delta variants and can maintain the vaccine effect against Omicron variants (12). However, the effectiveness of booster vaccination may vary depending on the primary vaccination status of the entire population and current epidemic status. In addition, the effect of booster vaccination on the epidemic situation is determined by the proportion of Omicron in the total infection rate and the extent to which Omicron evades immunity (13).

In Korea, Omicron is expected to dominate in February 2022, but the booster shot rates remain relatively low at approximately 50% owing to safety concerns. Hence, we developed an age-specific mathematical model with eight age groups and included age-specific comorbidities to evaluate the effectiveness of age-specific vaccination prioritization strategies. In this study, we focused on the population age structure and underlying diseases of Chungcheongbuk-do (CB) province. We estimated age-specific transmission rates using age-specific demographics and confirmed case data of COVID-19 in CB. Furthermore, we investigated the impacts of age-specific vaccination strategies for different vaccine supplies and NPI levels during two periods: the first period was when vaccination began with insufficient supply, and the second period was after the emergence of the Omicron variant.



2. METHODS


2.1. Epidemiological Data

As of February 26, 2022, South Korea had 2,831,283 confirmed COVID-19 cases and 7,895 deaths. Daily confirmed COVID-19 cases and deaths from April 1, 2020, to February 26, 2022, were obtained from the Korea Centers for Disease Control and Prevention (KCDC) and the CB provincial website (2, 14). The clinical and epidemiological characteristics of COVID-19 are heavily dependent on age; therefore, we incorporated age-specific features in our model, and age-specific cases were divided into eight groups, as shown in Table 1. The CB province comprises approximately 3% of the total Korean population, and COVID-19 cases in CB constituted approximately 2% of the total COVID-19 cases in South Korea. CB constitutes 7.4% of Korea; this implies that the population density per area is lower than the average in South Korea and, therefore, provides a rationale for the lower number of confirmed cases of COVID-19 in CB. However, the proportion of the elderly population (age > 50 years) in CB was higher than the overall proportion of the elderly population in South Korea (42 vs. 40%, respectively), whereas the proportion of younger age groups (age <30 years) was lower. Furthermore, the age-specific comorbidities in the CB province are presented in the last row of Table 1. Note that the population with comorbidities had at least one human immunodeficiency virus infection, tuberculosis, cancer, cardiovascular disease, chronic respiratory disease, chronic liver disease, diabetes, and chronic neurological disease (Table 1). The severity and case fatality rates are high in patients with comorbidities (15, 16).


Table 1. Age-specific population size and number of confirmed COVID-19 cases are compared for CB and South Korea.

[image: Table 1]

Between January 2020 and January 2022, there were five large waves of COVID-19 in South Korea. Figure 1A compares the levels of NPI (social distancing) implemented by the Korean government in metropolitan and non-metropolitan areas. Note that a high level of social distancing was implemented at the end of November 2020 in metropolitan areas, and COVID-19 vaccination began on February 26, 2021. Figure 1B presents the weekly age-specific data of confirmed COVID-19 cases across eight age groups from April 1, 2020, to February 6, 2022. In Figure 1B, the top and bottom panels show the weekly number of COVID-19 cases in South Korea and the CB Province, respectively. In both panels, the weekly number of COVID-19 cases showed a similar age-specific temporal pattern. Lastly, Figure 1C shows the first, second, and third vaccination doses per week for each age group in Korea.


[image: Figure 1]
FIGURE 1. (A) Levels of NPI implemented by the Korean government. (B) Weekly age-specific data of confirmed COVID-19 cases across eight age groups are shown from April 1, 2020, to February 6, 2022. The top panel shows the weekly data of COVID-19 cases in South Korea, whereas the bottom panel shows the weekly data of COVID-19 cases in the CB province. (C) The 1st, 2nd, and 3rd vaccination doses per week for each age group in Korea.




2.2. Mathematical Model

We developed an age-structured mathematical model to investigate the impact of age-specific vaccinations on COVID-19 transmission dynamics. The age-specific classes were composed of the following eight groups: 0−9, 10−19, 20−29, 30−39, 40−49, 50−59, 60−69, and 70−. The population was separated into eight compartments based on the epidemiological characteristics of each age group i. Si(t) is susceptible, Ei(t) is exposed, Ai(t) is unconfirmed infectious, Ii(t) is confirmed infectious, [image: image] is quarantined or hospitalized with mild symptoms, [image: image] is hospitalized with severe symptoms, Ri(t) is recovered, and Di(t) is dead. Moreover, [image: image] is the first dose vaccinated, [image: image] is the second dose vaccinated, [image: image] is the third dose (or booster) vaccinated, [image: image] is recovered and first-dose vaccinated, [image: image] is recovered and second-dose vaccinated, and we have the epidemiological status for vaccinated classes [image: image] at the same status as Xi(t) for X = E, A, I, Hm, Hs, R.

Furthermore, we divided the total population into groups under normal conditions and groups with comorbidities. [image: image] and [image: image] are populations with normal conditions and comorbidities of the same status as Xi(t) for X = S, E, A, I, Hm, Hs, VF, VS, VB, Ev, Av, Iv, Hmv, Hsv, respectively.

A schematic diagram of this model is shown in Figure 2. The model is presented as a system of ordinary differential equations, which are provided in Supplementary Section 1. The parameters used and the baseline values are shown in Supplementary Section 1. We computed the effective reproduction number, Rt, which involves the fraction of susceptible population and potentially infectious vaccinated population. It measures the average number of secondary cases per infectious individual at time t, which is obtained by calculating the spectral radius of the next-generation matrix. The details of the derivation of Rt of the model are provided in Supplementary Section 2.


[image: Figure 2]
FIGURE 2. A schematic diagram of our age-specific mathematical model is shown in the presence of the first, second, and booster vaccinated classes. Furthermore, each age group is divided into two groups: the one under normal condition without comorbidities and the other one with comorbidities.




2.3. Age-Specific Vaccination Prioritization Strategies

In this subsection, we present four age-specific vaccination prioritization strategies. We have proposed four prioritization strategies, because there are critical age-specific characteristics, such as a higher activity level (aged 30–49 years) and a higher mortality rate (over 60 years and people with comorbidities). In addition, we considered a uniform vaccination strategy: all age groups to be vaccinated (over 20 years old) due to Korea's vaccination policy (only for people aged 19 years or older by October, 2021). These four strategies were applied to the primary dose and booster vaccination, except for the second dose vaccination. The second dose of vaccination was implemented after ψ days, the mean period between the first and the second dose of vaccination, as recommended by the Korean government.

• Strategy 1 (30−49): priority vaccination for those aged between 30 and 49 years.

• Strategy 2 (60+) : priority vaccination for those above 60 years old.

• Strategy 3 (Comorb.) : priority vaccination for those with comorbidities.

• Strategy 4 (20+) : uniform vaccination for those above 20 years old.

It was assumed that when the vaccination rate of the priority group reached 80%, vaccination was switched to the uniform vaccination strategy. Vaccination was stopped when the vaccinated population reached 80% of the total Korean population. At the beginning of the vaccination, Korea's policies were limited to 19 years or older; however, in October 2021, vaccination was extended to individuals older than 12 years. Therefore, for the first and second dose vaccination, people above 20 years of age were vaccinated before October 2021. The current vaccination data in Korea, according to which about 60% of those aged between 12 and 18 years were vaccinated, is reflected for the population [image: image], [image: image], [image: image], and [image: image]. Currently, in Korea, the booster vaccination is implemented for aged 20s or older; hence, the booster shot is applied to people above 20 years of age. Then, the results are compared to the case when people above 10 years of age are vaccinated.



2.4. Estimation of Age-Specific Transmission Probability

In this subsection, we estimate the age-specific transmission probability βi for each age group i per contact by fitting the age-specific confirmed case data in the CB. The contact matrix involving home, school, workplace, and other factors for each age group in Korea (17) was used and adjusted using the population in CB (18). The contact matrices ML, MM, and MH, for low, moderate, and high NPI levels, respectively, were constructed by the linear combination of location-specific matrices of home, school, workplace, and others and by multiplying the weights given in Table 2 based on the level of NPI implementation. The contact matrices are presented in Supplementary Section 3. The mobility of the vaccinated population was assumed to be higher than that of the unvaccinated population. Therefore, for the contact matrix of the vaccinated group, we used ML for all NPI levels. The transmission probability [image: image] of those vaccinated but without antibody in age group i per contact was assumed to be the same as that for βi.


Table 2. Age-specific transmission probability is estimated under different time periods for corresponding NPI levels.

[image: Table 2]

Furthermore, we estimated the age-specific transmission probability under various NPI levels, as shown in Figure 1A. For the first and second dose vaccinations, {βi}i = 1, ..., 8 values were obtained under three different NPI levels: low, moderate, and high. For the booster shot, {βi}i values were estimated based on the data from November 1 to December 5, 2021. This is due to the step-by-step recovery for the first major reorganization of the quarantine rules. The estimated {βi}i values are presented in Table 2. Details of the age-specific estimation results are provided in Supplementary Section 4. We also carried out sensitivity analyses on parameters related to vaccination: βi, [image: image], ρ, ρv, τ1, τ2, ν0, and 1/ψ (see Supplementary Section 7).




3. RESULTS


3.1. The Impacts of Age-Specific Vaccination Prioritization

In this subsection, we investigate the impacts of age-specific vaccination prioritization for the primary and second doses from March 11, 2021 [14 days, duration for antibodies to be detectible (19), after the first vaccination began which is on February 26, 2021] to 6 months thereafter. The initial conditions were determined by reflecting the confirmed case data in CB, Korea at the start date of the simulation. Figure 3 shows the impact of the four age-specific vaccination prioritization strategies on daily confirmed cases and deaths. In Figure 3A, weekly age-specific confirmed COVID-19 cases of CB (circled) are compared with the model outputs under moderate and high NPI levels. The confirmed case data was most similar to the simulation results with a moderate NPI among the low, moderate, and high NPI scenarios (see the solid curves in Figure 3A). Indeed, according to Figure 1A, the level of NPI implemented in the CB region during that period was moderate.


[image: Figure 3]
FIGURE 3. (A) The red and black circle represent the number of confirmed cases per week before and after vaccination, respectively. The number of confirmed cases is similar to the results obtained for the moderate NPI-level simulation. (B–D) Time series of new confirmed cases, cumulative confirmed cases, cumulative death, and daily hospitalized population for each vaccination priority scenarios; For each curve, the circle represents the end point of priority vaccination for a specific group according to the vaccination scenarios.


The panels in Figures 3B–D show the time series of confirmed cases; cumulative confirmed cases; cumulative deaths; and the hospitalized population with severe symptoms at the low, moderate, and high NPI implementation levels, respectively. The number of confirmed cases was lowest when the 30−49 years age group was vaccinated first for all the NPI levels; however, the cumulative death was lowest when the comorbidity group was vaccinated first for all the NPI levels. When the comorbidity group was vaccinated first, both of the number of deaths and the number of confirmed cases were lower than when those over 60 were vaccinated first. Therefore, it can be said that it is an effective policy to inoculate the comorbidity group first in order to reduce the number of deaths and the patients with severe symptoms.

Epidemic outputs under the four age-specific vaccination prioritizations are summarized in Supplementary Tables 2–6. The number of confirmed cases decreased the most under Strategy 1 (30−49 years old) combined with a moderate NPI level. This implies that age-specific vaccination strategies with appropriate NPI policies are needed to maximize the benefits. In addition, we calculated the average Rt for 60 days under the vaccination priority scenarios in Supplementary Table 3. Rt decreased the most under Strategy 1 (30−49 years old). This is consistent with the results that the reduction in the number of confirmed cases.

Finally, we present the effects of the daily vaccination doses. Table 3 shows the number of cumulative confirmed cases and deaths under different NPI levels, daily dose of vaccination, and vaccination priority policies. Supplementary Table 2 shows percentage reduction of the estimated confirmed cases and deaths for each case. It can bee seen that at the Mod NPI level, the number of confirmed cases and the number of deaths due to vaccination were significantly reduced than at the low and high NPI levels. Therefore, if appropriate level of NPI policies such as social distancing are implemented, vaccine effectiveness can be increased. In all cases, the number of confirmed cases was the lowest when the 30−49 year olds were vaccinated first. When the daily dose is high (ν0 = 10, 000, 15, 000), that is, when the vaccine supply is sufficient, priority should be given to the comorbidity group to reduce the number of deaths. On the other hand, when a moderate or high NPI level with relatively small vaccination doses (ν0 = 5, 000, 7, 500), was implemented, the cumulative death was the lowest when the 30−49 year olds were first vaccinated. Moreover, when ν is small, the change in the number of cumulative confirmed cases and deaths according to the vaccination strategy is large. Therefore, it is important to apply an effective vaccination strategy when the vaccine supply is limited.


Table 3. The impacts of rollout speeds (daily doses of vaccine) on cumulative age-specific infected cases and deaths are shown under three different NPI levels.

[image: Table 3]



3.2. The Impacts of Age-Specific Booster Vaccination Prioritization

In this subsection, we investigate the impact of age-specific booster vaccination prioritization during the second period. As reported in recent studies, vaccination efficacy is decreasing due to the reduction in neutralizing antibodies (20) or the prevalence of the Omicron variant (21). Hence, we investigated the impact of the reduction in vaccine efficacy of the second dose (τ2), priority vaccination policy, and rollout speed for booster shots.

Figure 4A presents model outputs of daily confirmed cases (left) and cumulative death (right) according to the priority vaccination strategies with daily confirmed data where black and red circles represent the number of confirmed cases in CB before and after the Omicron is dominant in Korea (January 24th, 2021). The confirmed case increases rapidly after the Omicron variant becomes dominant. According to (20), the vaccination efficacy against infection is reduced to about 0.4 after 5 months of vaccination. Therefore, we assume that the vaccine efficiency is further reduced.


[image: Figure 4]
FIGURE 4. (A) Time series of confirmed cased and cumulative deaths for the priority vaccination policies (30–49, 60+, Comorb., 20 +) for the second vaccine efficacy, τ2 = 0.4, and daily the third vaccine dose, νB = 10, 000. (B) Cumulative confirmed cases and cumulative deaths for the priority vaccination policies (30–49, 60+, Comorb., 20 +) for νB = 5, 000, ..., 20, 000, and τ2 = 0.3, ..., 0.7. (C) Cumulative confirmed cases and cumulative deaths for the priority vaccination on those aged 30–49 years for νB = 5, 000, ..., 20, 000, τ2 = 0.3, ..., 0.7. (D) Comparison of cumulative confirmed cases for vaccination on 20 years and older (20 +) and 10 years and older (10 +) for (left) τ2 = 0.3, ..., 0.7, νB = 10, 000 and (right) τ2 = 0.4, νB = 2, 500, ..., 20, 000.


Figure 4A shows the effects of the priority vaccination policies (30−49, 60+, Comorb., 20+) under τ2 = 0.4, and daily third vaccine dose (νB = 10, 000). When those aged 30–49 years were vaccinated first, the number of confirmed cases and deaths decreased the most. The infection prevention rate decreases significantly while the death prevention rate does not decrease significantly (20), so prioritizing the high-activity group rather than the high-risk group seems to be effective in decreasing both confirmed cases and deaths.

Figures 4B,C shows the cumulative confirmed cases (left) and cumulative deaths (right) for 180 days in the variation of second vaccination efficacy (τ2) and daily third vaccine doses (νB) for (Figure 4C) the priority vaccination strategies policies (30−49, 60+, Comorb., 20+) and (Figure 4D) for those aged 30−49 years. In Figure 4B, priority vaccination on 30−49 years groups and on 60+ years group are the most and the least effective strategies reducing cumulative cases and deaths in almost all cases. Figure 4C shows that as the second vaccination efficacy is smaller, the cumulative cases and deaths decrease more when the daily third vaccine doses increase. Therefore, it is necessary to accelerate the third vaccination as the efficacy of the second vaccination decreases.

In Korea, the first and second vaccinations are currently administered to teenagers, but booster shot vaccinations are not implemented in this subpopulation. We also studied the effects of booster shot inoculation on teenagers. Figures 4C,D show the difference in the number of confirmed cases when those aged 20 or older and those aged 10 or older were vaccinated according to the variation in second vaccination efficacy (Figure 4C) and the rollout speed of third vaccination (Figure 4D). For all cases, the cumulative confirmed cases were smaller when 10 years of age and over were vaccinated. It was shown that when the second vaccination efficacy was lower (Figure 4C) and the daily third vaccine dose was greater (Figure 4D), vaccination of teenagers reduced the number of confirmed cases. Currently, Korea's secondary vaccine efficiency is decreasing owing to the prevalence of Omicron, and the vaccine supply is sufficient. Therefore, it is recommended for teenagers to be vaccinated with a booster shot.



3.3. The Impacts of Different NPI Levels

In this subsection, we illustrate the impact of the mitigation of NPI levels combined with age-specific vaccination for the primary and second doses (before booster shots). As the vaccination rate increased rapidly, the government planned to relax the NPI policy, and recently, the number of confirmed COVID-19 cases has increased significantly. Hence, we performed simulations of NPI relaxation from moderate to low NPI levels. We compared the effectiveness of the NPI-level mitigation policy for a population of individuals older than 10 and 20 years.

Figure 5A shows the time series of the number of new confirmed cases when the NPI level is mitigated based on the given secondary vaccination rates when the vaccination is implemented on those aged 20 years and older (top panels) and on those aged 10 years and older (bottom panels). The increase in the cumulative confirmed cases under the mitigation of NPI level when the vaccination is implemented on individuals aged 20 years and older (in red curves) and 10 years and older (in blue curves) are compared in Figure 5B.


[image: Figure 5]
FIGURE 5. (A) The time series of the number of new confirmed cases according to the reduction of the NPI level for the secondary vaccination rates (50–80%). N/A indicates no mitigation of NPI level for the simulation duration. The top and bottom panels represent the case of vaccination-prioritization strategies for individuals aged 20 years and more and aged 10 years and more, respectively. (B) Comparison of increase of cumulative confirmed cases when vaccination is implemented for aged 20 and older (20 +), and for aged 10 and older (10+).


It has been shown that too early NPI-level mitigation with low vaccination coverage could bring about another COVID-19 outbreak wave. Figure 5 shows that the increase in the confirmed cases was lower when those aged 10 years and older were vaccinated than when those aged 20 years and older were vaccinated, and the difference in the confirmed cases was greater when the vaccination coverage was low. Therefore, to mitigate NPIs effectively, it is necessary to vaccinate various groups of the population, not only to consider the vaccination rate.




4. DISCUSSION

In this study, we developed an age-specific mathematical model to investigate the impact of vaccination allocation in combination with NPIs on COVID-19 transmission dynamics in two periods: when vaccination begins and when booster shots are needed owing to waning of vaccine-induced immunity. Our results indicate that at the initial stage of vaccination, a priority vaccination strategy for those with comorbidities was most effective for reducing mortality, regardless of the NPI level. However, a priority vaccination strategy for individuals aged 30−49 years was most effective in reducing morbidity.

Previous studies have revealed that COVID-19 patients with pre-existing comorbidities, such as hypertension, diabetes mellitus, chronic respiratory disease, malignancies, and HIV, could develop a life-threatening situation (22). Our data showed that a vaccine plan prioritizing a population with comorbidities is an effective alternative because, it can lower both mortality and morbidity compared with that for those aged 60 years and older. A modeling study evaluating the performance of the Centers for Disease Control in the United States showed that a higher prioritization of individuals with comorbidities led to better outcomes compared to the current vaccine allocation strategies (23). In Korea, to prevent the collapse of the medical system and minimize the number of deaths, the first vaccination was planned for medical personnel, workers, and the elderly in nursing homes (8). In our study, it was suggested that if the inoculation of the high-activity group is delayed, the increase in the number of infections may place a burden on the medical system. However, the vaccine's transmission block effect is not as effective as its mortality reduction effect (24). Therefore, it is necessary to maintain a policy to reduce mortality by prioritizing the vaccination of those with comorbidities and the elderly, rather than younger age groups.

In our study, when NPI was relieved early in all vaccination scenarios, the number of infections increased, resulting in a shortage of medical resources. These results are consistent with studies suggesting that maintenance of NPIs is necessary to increase the effectiveness of vaccines and reduce the number of infected people (25, 26). By November 1, 2021, 75% of the population in Korea had been vaccinated. Such high vaccine coverage was expected to reduce mortality and severity of infection, and the government decided to ease the NPI. However, this period coincided with the waning of vaccine-induced immunity period of the vaccine, and the infection spread rapidly among the elderly in nursing homes and communities. As a result, the number of critically ill patients rapidly increased, and NPI relief was canceled 46 days after starting owing to an insufficient medical system for critically ill patients. According to a study in the UK, the timing of NPI mitigation should be decided according to the vaccine coverage. In addition, when a mutant virus appears, NPI mitigation should be performed to evaluate the effectiveness of the vaccine and vaccination rate (27).

Comorbidities are known to be independent risk factors for severe progression of COVID-19 infection (28). Although comorbidities associated with severe progression are predominantly evident in the elderly, the presence of comorbidities might worsen the prognosis of young and middle-aged COVID 19 patients (29). In a study evaluating the vaccination strategy of the US CDC, higher prioritization of individuals with comorbidities in all age groups improved outcomes compared to the CDC allocation (23). It is consistent with the results of this study that vaccination of people with comorbidities at any age can be an effective alternative to prevent infection and severe progression.

The importance of booster shot vaccination is increasing, because vaccine efficiency is reduced due to the waning of secondary vaccines coupled with the emergence of variants of concern, such as Omicron. Our results show that booster shots are effective when applied preferentially to high-activity groups rather than to high-risk groups. This is supported by a retrospective cohort study showing consistently high effectiveness of BNT162b2 against COVID-19-related hospital admissions and severe death (20, 30, 31). However, a recent report suggested that booster shots are effective in reducing severe COVID-19 related outcomes (32). Thus, long-term vaccine effectiveness data against severe COVID-19-related outcomes must be continuously monitored in Korea. It can be seen that the rollout speed of the booster shots becomes more important as the secondary vaccine efficiency decreases. Previous studies on various vaccine rollout scenarios also emphasize the importance of rapid vaccine rollout to vulnerable populations and increasing coverage to avoid future surges (33, 34). In countries with limited infection-induced immunity, such as Korea, a rapid vaccine rollout strategy is needed to overcome the reduced vaccine efficacy against Omicron combined with its high transmissibility (13). It is also necessary to closely check whether the effectiveness of the vaccine is maintained in the population while mitigating NPIs.

In May 2021, the Pfizer-BioNTech COVID-19 vaccine was approved for expanded vaccination of individuals older than 12 years in the United States (35). On July 16, 2021, in Korea, the vaccine was approved for use in individuals older than 12 years of age as well. Based on the results of evidence-based research demonstrating the efficacy and safety of vaccination among adolescents, several countries are planning to vaccinate adolescents. However, as most adolescents are known to experience mild symptoms from COVID-19 infection and have few sequelae, questions remain as to whether the vaccine should be administered to children or should be provided to areas where the majority of at-risk groups have not been vaccinated. Nonetheless, as the rate of COVID-19 infection among adolescents is increasing owing to the Omicron variant, an increased vaccination rate among the elderly, in combination with the mitigation of the NPI level, is necessary to plan an effective vaccination strategy for adolescents (36). In our study, model-based analysis predicted that a vaccination strategy for teenagers would decrease the number of COVID-19 patients. Therefore, studies on the efficacy and safety of vaccines in domestic adolescents are needed.

This study has some limitations. First, for a decrease in vaccine efficacy due to waning of vaccine-induced immunity, sequential decrease in vaccine efficacy by age based on the priority vaccination strategy was not considered. In other words, the same vaccine efficacy was applied to all age groups. Second, the transmission rate parameter β was estimated using data from the period before the prevalence of Omicron variants, so there may be a difference from the current transmission rate. Also, different initial conditions and simulation duration might affect our results. Lastly, waning of vaccine-induced immunity is not explicitly modeled in study, therefore, this assumption may affect our results.

In conclusion, at the initial stage of vaccination, when the amount of vaccine is insufficient, the policy of vaccinating those with comorbidities or the elderly who are at a high risk of death will help reduce the number of deaths. Second, because sudden alleviation of NPI can cause a surge in infected patients, the level of NPI should be determined while closely evaluating whether vaccine coverage and effectiveness of the vaccine are maintained. Third, when vaccine immunity wanes, faster vaccination rollouts may reduce mortality rates. As Korea has limited infection-induced immunity across populations, it is necessary to closely monitor infection-induced and vaccine-induced SARS-CoV-2 immunity while deciding to open up and “live with COVID-19”.
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The percentage indicates the ratio of the population (confirmed cases) of each age group to the total population (confimed cases). The age-specific population with comorbidities in
the CB Province. The percentage indicates the ratio of population with comorbidities in each age group.
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