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Abstract: To effectively prevent and control the COVID-19 pandemic, countries have adopted a
booster vaccination strategy. This study aimed to estimate the cost-effectiveness of sequential booster
COVID-19 vaccination compared to two-dose inactivated vaccination in China from a societal per-
spective. A Markov model was developed to estimate the cost-effectiveness of sequential vaccination,
including two doses of an inactivated vaccine followed by a booster shot of an inactivated vaccine,
adenovirus vectored vaccine, protein subunit vaccine, or mRNA vaccine. The incremental effects
of a booster shot with an inactivated vaccine, protein subunit vaccine, adenovirus vectored vaccine,
and mRNA vaccine were 0.0075, 0.0110, 0.0208, and 0.0249 QALYs and saved costs of US$163.96,
US$261.73, US$583.21, and US$724.49, respectively. Under the Omicron virus pandemic, the se-
quential vaccination among adults and the elderly (aged 60–69, 70–79, over 80) was consistently
cost-saving, and a booster shot of the mRNA vaccine was more cost-saving. The results indicate
that the sequential vaccination strategy is cost-effective in addressing the COVID-19 pandemic, and
improving vaccination coverage among the elderly is of great importance in avoiding severe cases
and deaths.

Keywords: COVID-19; booster; sequential vaccination; cost-effectiveness; Markov model

1. Introduction

Coronavirus disease 2019 (COVID-19) is a novel infectious disease caused by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2), which was announced as a Public
Health Emergency of International Concern (PHEIC) on 30 January 2020 and characterized
as a pandemic on 11 March 2020 by the World Health Organization (WHO). It is a serious
crisis and severe test for the world and has had a huge impact on the global economy. As
of 19 August 2022, the WHO reported approximately 591.68 million cumulative cases and
6.44 million cumulative deaths worldwide [1].

A vast majority of countries have provided vaccinations to safeguard the population
and economy throughout the pandemic. A regular vaccination strategy was proven to be
cost-saving [2–4] and cost-effective [5,6] in both high-income countries (HICs) and in low-
and middle-income countries (LMICs) [7,8]. However, with the variation in viruses across
the globe and the waning vaccine effectiveness (VE) against viruses providing booster
vaccination to fully vaccinated populations have been considered in many countries. It was
found that the effectiveness of the vaccine decreased over time [9]. Although antibodies can
be detected after one year of two-dose vaccination, the level decreased dramatically [10].
Internationally, clinical trials have evaluated the safety and efficacy of a booster dose
against different virus strains [11–16], and real-world studies have also shown that people
with a booster dose have a lower infection rate, hospitalization rate, critical rate, and
mortality [17–19].
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In this study, sequential vaccination refers to a booster dose that differs from an
inactivated vaccine, and homogeneous booster vaccination refers to a booster dose of an
inactivated vaccine. A booster dose of a heterogeneous type of vaccine was adopted in
some countries as a way to address insufficient vaccination supply, which was found to
be safer with better immunogenicity, more efficacy, and more flexibility compared with
the homogenous booster [20]. This finding was supported by an increasing number of
clinical trials and real-world evidence (RWE). In conclusion, sequential vaccination, both
with a homogeneous booster [12,14–16,19,21,22] and a heterogeneous booster [20,23–29],
was proven to be more effective and safer than the initial inoculations. However, scarce
evidence exists about the cost-effectiveness of booster vaccinations, and there are only
limited data about the effects among elderly individuals. Most notably, while the Omicron
strain of the virus is currently dominating the pandemic, completing the whole population
booster vaccination is of greater urgency, especially among vulnerable groups.

China has offered free vaccination to cover the whole population since January 2021.
The first step was to cover people aged 18–59, gradually extending to those aged over
60 in April 2021, to adolescents aged 12–17 in July 2021, and to children aged 3–11 in
November 2021. Since then, the government has provided booster vaccination since
October 2021 and sequential vaccination since February 2022. As the market share of
inactivated vaccines (Sinovac CoronaVac and BBIBP-CorV) in China is approximately 90%,
this study only explored the cost-effectiveness of a booster shot with an inactivated vaccine,
adenovirus vectored vaccine, protein subunit vaccine, or mRNA vaccine among the two-
dose inactivated vaccinated population. Except for the mRNA vaccine, all other types
of COVID-19 vaccines are approved for listing in China. We aimed to provide scientific
evidence for policymakers to determine the most cost-effective vaccination strategy, to
identify whether elderly individuals should be prioritized, to provide economic evidence
for its scale-up in the Chinese setting, and to provide suggestions on the marketing and
supply of vaccines.

2. Methods
2.1. Study Design

A decision-analytic Markov model using the susceptible–infectious–recovered (SIR)
structure was developed to evaluate the cost-effectiveness of sequential vaccination com-
pared with two-dose inactivated vaccination in China from a societal perspective. Base
case and scenario analyses were performed to examine the situations stratified by virus
strain and age, and sensitivity analyses were conducted to test the robustness of the model.

2.2. Target Population and Vaccination Strategies

The target population of our model was adults aged 18 to 59 who had completed
two-dose COVID-19 inactivated vaccination and were eligible for a sequential booster shot
in China. We included four types of COVID-19 vaccines, and five vaccination strategies
in total: the two-dose inactivated vaccine; booster vaccination with inactivated vaccine,
adenovirus vectored vaccine, protein subunit vaccine, and mRNA vaccine (Figure 1A).

2.3. Model Structure and Assumptions

We constructed a model to stimulate the transition of the COVID-19 pandemic over
a one-year time horizon, with a weekly cycle. Using a unidirectional SIR structure, six
mutually exclusive health statuses were included (Figure 1B). We assumed that all target
populations were susceptible to COVID-19 [30], so all participants were in the susceptible
status when entering the model. Then, a proportion of them would become infected (I) if
exposed to the virus. The infected state was further divided into three separate statuses: I1
denoted infection cases with mild or moderate symptoms; I2 denoted severe cases requiring
hospitalization; and I3 denoted critical cases requiring intensive care unit (ICU) care [31].
Patients who survived infection went into the recovered state (R). Patients in I2 or I3 may die
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due to COVID-19 infection, and background mortality was not considered in the one-year
time horizon. The model was developed using TreeAge Pro 2021.
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Figure 1. Decision-analytical Markov model using a susceptible–infectious–recovered (SIR) structure.
(A) Decision-analytical Markov model; (B) Susceptible-Infected-Recovered (SIR) structure.

The key assumptions of this study were as follows [32]: (1) the same distribution of
COVID-19 outcomes across the target population; (2) no spontaneous elimination of the virus;
(3) no influence of other nonpharmaceutical interventions (NPIs) on the transition of the
disease; (4) all infected individuals would receive treatment; (5) individuals who recovered
from COVID-19 infection would not relapse in the study period; (6) non-COVID-19 deaths
were ignored during the study period; (7) asymptomatic individuals were included in the
infected status and would be static until they recovered; and (8) the vaccination rate was 100%
among different age groups in our base case and scenario analysis.

2.4. Model Parameters
2.4.1. Vaccine Effectiveness

The effectiveness of two-dose inactivated vaccination was derived from a real-world
study in Chile [33]. The effectiveness of a booster dose with an inactivated vaccine, aden-
ovirus vectored vaccine, and mRNA vaccine came from an observational study in Chile [34].
Since there were no VE data of a booster dose with protein subunit vaccine, we calculated it
based on the VE of full inoculation of protein subunit vaccine [35] and mRNA vaccine [36].

2.4.2. Transition Probabilities

The natural infection rate of unvaccinated people was taken from a Chile real-world
study (Table 1) [33]. The one-year probability of infection was converted by the incidence in
the cohort by p = 1− e−r, where p is the one-year infection probability and r is the incidence
rate (person-year) [8]. The transition probabilities between I1, I2, and I3 were obtained from
the patient proportion in China [37]. The probability of recovery from different infection
statuses came from a study using surveillance data of Chinese and American COVID-19
cases of the original strain [3].
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2.4.3. Costs

The societal perspective was adopted with both direct and indirect costs being included
in this study, and all costs were converted to US$ using the official exchange rates of 2021
(US$1 =
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6.449) [38] (Table 1). Cost and QALYs were not discounted due to the one-year
time horizon.

The direct medical costs consisted of vaccination costs and medical costs. For the
vaccination costs, vaccine procurement, cold-chain transportation, refrigeration, and ad-
ministration were included. The price of vaccines equaled the lowest global purchase
price published by the WHO [39] or news [40]. The transportation cost of the vaccine was
assumed to be 6% of the purchase price [41]. The refrigeration cost of inactivated vaccine,
adenovirus vectored vaccine, and protein subunit vaccine was calculated at US$0.18 [8],
while the cost for the mRNA vaccine was higher at US$0.39 because it needs to be stored
in the −70 ◦C incubator. The vaccine administration fee was US$1.55 per dose [42]. The
medical costs covered diagnosis, treatment, hospitalization, and care expenditures, and
increased as disease severity grew [43].

Indirect costs came from productivity losses and were calculated based on the average
daily salary [44] and working time lost.

2.4.4. Health Utilities

There was a lack of utility scores for different COVID-19 health statuses in the Chinese
population. Thus, we used an Iran study focusing on the health utility value of patients
with COVID-19, and the utility scores from the Iran population were more representative of
the Asian population and covered all health statuses in our model [45]. The utility of people
of susceptible statuses was referred to in the paper, focusing on the norms for EQ-5D-5L
among the Chinese general population, given that the general population does not have
full health [46]. In this paper, we only distinguished the health utilities from the status of
disease progression but not from age and sex.

Table 1. Model parameters.

Parameter Base Case Value Lower Bound Upper Bound Distribution Data Source

Vaccination effectiveness (%)
Two doses of inactivated vaccine
Against infection 65.90 65.20 66.60 Beta

Jara et al. 2021 [33]Against hospitalization 87.50 86.70 88.20 Beta
Against ICU 90.30 89.10 91.40 Beta
Against death 86.30 84.50 87.90 Beta
Two doses of inactivated vaccine + booster shot of inactivated vaccine
Against infection 78.80 76.80 80.60 Beta

Jara et al. 2022 [34]
Against hospitalization 86.30 83.70 88.50 Beta
Against ICU 92.20 88.70 94.60 Beta
Against death 86.70 80.50 91.00 Beta
Two doses of inactivated vaccine+ booster shot of protein subunit vaccine
Against infection 83.22 74.90 91.54 Beta

Calculated
Against hospitalization 91.44 82.30 100 Beta
Against ICU 91.63 82.47 100 Beta
Against death 91.64 82.48 100 Beta
Two doses of inactivated vaccine + booster shot of adenovirus vectored vaccine
Against infection 93.20 92.90 93.60 Beta

Jara et al. 2022 [34]
Against hospitalization 97.70 97.30 98.00 Beta
Against ICU 98.90 98.50 99.20 Beta
Against death 98.10 97.30 98.60 Beta
Two doses of inactivated vaccine+ booster shot of mRNA vaccine
Against infection 96.50 96.20 96.70 Beta

Jara et al. 2022 [34]
Against hospitalization 96.10 95.30 96.90 Beta
Against ICU 96.20 94.60 97.30 Beta
Against death 96.80 93.90 98.30 Beta
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Table 1. Cont.

Parameter Base Case Value Lower Bound Upper Bound Distribution Data Source

Transition probabilities without vaccination
Natural infection rate 0.1043 0.0939 0.1147 Beta Jara et al. 2021 [33]
I1 to I2 0.1450 0.1305 0.1595 Beta

Zhao et al. 2021 [37]
I2 to I3 0.2540 0.2286 0.2794 Beta
I2 to death 0.0005 0.00045 0.00055 Beta
I3 to death 0.0005 0.00045 0.00055 Beta
I1 to recover 0.7475 0.6728 0.8223 Beta

Padula et al. 2021 [3]I2 to recover 0.6500 0.5850 0.7150 Beta
I3 to recover 0.5300 0.4770 0.5830 Beta

Vaccination cost per dose (2021 USD)

Inactivated vaccine 4.00 4.00 5.50 Gamma WHO [39];
Calculated

Adenovirus vectored vaccine 15.00 9.63 15.00 Gamma WHO [39];
Calculated

Protein subunit vaccine 19.54 2.12 19.54 Gamma News [40];
Calculated

mRNA vaccine 6.75 3.80 6.75 Gamma WHO [39];
Calculated

Cold-chain freight fee as a percentage
of vaccine cost 6% / / / Chen et al. 2019 [41]

Refrigerator storage of 2–8 °C
incubator 0.18 / / / Jiang et al. 2022 [8]

Refrigerator storage of −70 °C
incubator 0.39 / / / Calculated

Administration 1.55 / / / National medical
insurance bureau [42]

Medical costs of health status (2021USD)
I1 876.32 619.11 1804.12 Gamma Jin et al. 2020

[43];Zhao et al. 2021
[37]

I2 8284.63 5852.95 17057.25 Gamma
I3/Death 23469.03 16861.36 49139.19 Gamma

Length of hospital stay (day)
I1 14 / / /

Jin et al. 2020
[43];Zhao et al. 2021
[37]

I2 21 / / /
I3 42 / / /
Death 42 / / /

Average salary per day (2021USD) 42.55 32.07 76.04 Gamma National Bureau of
Statistics [44]

Health utilities
Susceptible 0.946 0.9461 1 Xie et al. 2022
I1 0.847 0.762 0.932 Beta

Alinia et al. 2021 [45]
I2 0.766 0.689 0.843 Beta
I3 0.629 0.566 0.692 Beta
Recover 0.896 0.806 0.986 Beta
Death 0 / / /

2.5. Model Analysis
2.5.1. Base Case Analysis

The total costs and quality-adjusted life years (QALYs) were generated for each vacci-
nation strategy, and then the incremental cost-effectiveness ratio (ICER) was calculated. It
was compared with the willingness-to-pay (WTP) threshold of the gross domestic product
(GDP) per capita of China in 2021 (US$ 12556.37) [44] to determine whether the booster
vaccination strategy was cost-effective and which combination was the most cost-effective
strategy. When there were dominant strategies, net monetary benefit (NMB) was evalu-
ated instead.

Although WTP may vary with educational level, place of residence, and attitude
towards disease, we still used a fixed threshold as commonly used in other studies [47]. In
addition, we did not apply willingness-to-accept [48] in this study as we adopted a societal
perspective, and no vaccination-related payments were required in the Chinese setting.
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2.5.2. Sensitivity Analysis

One-way sensitivity analysis and probabilistic sensitivity analysis (PSA) were per-
formed to explore the robustness of the model. In the one-way sensitivity analysis, all cost
parameters were varied by their 95% confidence interval, a specific range where available,
or ±10% of the point estimated value. For the cost of vaccine per dose, we assumed the
health insurance paid for the same price for a full vaccination procedure for different kinds
of vaccines, and used this cost as the lower bound for different vaccines.

For PSA, Monte Carlo simulation (N = 1000 iterations) was used to assess the effects
of changing multiple parameters simultaneously. Cost parameters were assumed to follow
gamma distributions, and utilities, probabilities, and rates were assumed to follow beta
distributions. The results were presented as cost-effectiveness acceptability curves to
demonstrate the probability of being cost-effective for different vaccination strategies at
various WTP thresholds.

2.5.3. Scenario Analysis

Scenario analysis was performed to adjust the VE of vaccination under the Omicron
strain pandemic and to examine the cost-effectiveness for elderly groups aged 60–69, 70–79,
and over 80 years old. In the first scenario, Hong Kong [49,50] and Shanghai [51] real-
world data under the Omicron strain pandemic were used to calculate the VE of sequential
vaccination and the transition probabilities between each health status. The parameters for
the Hong Kong situation are listed in Supplementary Materials Table S1, and those for the
Shanghai situation are listed in Table S2. In the second scenario, the targeted population
was adults aged over 60, and the VE among people aged over 60 and mortality of the
elderly among different age groups (60–69, 70–79, 80+) were generated using Hong Kong
real-world data [50,52] (Table S3).

3. Results
3.1. Base Case Analysis

Sequential vaccination after a two-dose inactivated COVID-19 vaccine with different
types of booster doses generated more QALYs with lower costs and thus was cost-saving
compared with the two-dose inactivated vaccine group. Moreover, the heterogeneous
vaccination groups reduced the number of infection cases with lower costs compared with
the homogeneous group. More precisely, compared with two-dose vaccination, a booster
with an inactivated vaccine, protein subunit vaccine, adenovirus vectored vaccine, and
mRNA vaccine increased 0.0075, 0.0110, 0.0208, and 0.0249 QALYs and saved US$163.96,
US$261.73, US$583.21, and US$724.49, respectively (Table 2).

Table 2. Cost-effectiveness analysis of different sequential vaccination strategies compared with
two-dose inactivated vaccination.

Strategy Cost
(US$)

Effect
(QALYs)

NMB
(US$)

Incremental Cost
(US$)

Incremental Effect
(QALYs)

ICER
(US$/QALY)

Two-dose inactivated vaccine 918.26 0.9062 9188.22 - - -

Two doses of inactivated
vaccine+ booster shot of

inactivated vaccine
755.30 0.9138 9435.36 −162.96 0.0075 −21,587.61

Two doses of inactivated
vaccine+ booster shot of
protein subunit vaccine

656.52 0.9172 9572.21 −261.73 0.0110 −23,875.83

Two doses of inactivated
vaccine+ booster shot of

adenovirus vectored vaccine
335.04 0.9271 10,003.44 −583.21 0.0208 −28,034.30

Two doses of inactivated
vaccine+ booster shot of

mRNA vaccine
193.77 0.9311 10,190.13 −724.49 0.0249 −29,123.71
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3.2. Sensitivity Analysis

The model results were robust, and the sequential vaccination strategy was always
cost-saving under parameter variation. Cost parameters influenced the model more than
effectiveness parameters (Figure S1). In addition, sensitivity analyses of NMB were gen-
erated to determine the top ten factors that influenced the model most, with utility for
susceptible cases, the utility of recovered cases, and medical cost for mild/moderate cases
ranked in the top three (Figure 2).
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In the PSA, since all sequential vaccination strategies were cost-saving compared
with two-dose vaccination and a booster with mRNA vaccine can increase more QALYs at
the lowest price, the probability for the sequential vaccination strategy using the mRNA
vaccine as a booster shot being cost-effective was 100% compared with the other vaccination
strategies (Figure 3).

3.3. Scenario Analysis

The results in scenario one showed that the total cost increased when the Omicron
strain dominated the pandemic, and the booster vaccination strategy remained cost-
saving. A booster of the mRNA vaccine could increase more QLAYs at the lowest price
(Tables S4 and S5). Specifically, booster vaccination strategies in Hong Kong could save
costs ranging from US$61.62 to US$99.95 and increase QALYs from 0.0046 to 0.0073. Mean-
while, for the situation in Shanghai, a booster vaccination could save costs ranging from
US$14.83 to US$46.69 and increase QALYs from 0.0004 to 0.0011.
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For scenario two, vaccination strategies remained effective and cost-saving in different
age groups (60–69, 70–79, 80+) (Table S6). Labor loss due to illness was excluded from the
model, and the total cost declined. The results indicated that increasing the coverage of
booster vaccination among elderly people, especially octogenarians, dramatically decreased
total costs. Hong Kong data illustrated that the percentage of severe disease and death
increased dramatically with age among the elderly population without or with incomplete
vaccination. Our results have shown that it is of great importance to provide sequential
vaccination to elderly individuals, as the effectiveness of sequential vaccination strategies
was proven to increase with age.

4. Discussion

This study developed an SIR status-adapted Markov model, and our analysis sug-
gested that sequential vaccination was more effective at a lower cost than two-dose inacti-
vated vaccination regardless of the type of booster dose. The findings are consistent with
current prevention and control strategies in China and can provide crucial evidence to
support decision-making.

The Markov model has been widely used to examine the cost-effectiveness of vaccina-
tion worldwide [3,4,52]. Although SIR or susceptible–exposed–infectious–recovered (SEIR)
statuses were also adopted in their models, the effectiveness rate, the coverage rate, or the
vaccine prices were assumed due to a lack of data. In addition, the assumption in our model
that only patients with severe and critical diseases will die was much more reasonable
than a previous study [4]. Our model included more comprehensive parameters and the
latest data generated from real-world studies in the Chinese setting. To the best of our
knowledge, this is the first cost-effectiveness analysis of COVID-19 sequential vaccination,
and our results indicate that the sequential vaccination strategy is cost-saving compared
with the two-dose vaccination.

By 7 September 2022, China reported 3433.96 million doses of COVID-19 vaccine, and
1270.66 million people have completed the initial inoculation, covering 90.13% of the total
population; 8570.50 million people have received a booster shot, among which 45.72 million
have competed for sequential vaccination [53]. Recently, the Omicron strain has become the
most influential virus strain and has brought a huge burden to the world. The RWE from
Hong Kong shows that people with incomplete vaccine inoculation or without vaccination
accounted for 88.3% of total deaths, and most of the deceased cases were unvaccinated
persons, especially the elderly [50]. Although VE against the Omicron strain was less
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effective than against other variants [18,25,54–56], RWE shows that homogeneous booster
vaccination still has a very high-level protection rate, with VE against severe disease and
death from approximately 92% [57] to 98% [49]. Although the pandemic patterns of Hong
Kong and Shanghai are different, full inoculation and booster vaccination have been proven
to be efficient in decreasing severe cases and deaths in a real-world setting, and our study
can provide compelling cost-effectiveness evidence to support the sequential vaccination
strategy, even when the Omicron strain dominated the pandemic.

Regarding the vaccination situation of the elderly in China, 227.44 million people aged
over 60 years old completed the initial inoculation, reaching 86.14%, but only half of them
received a booster dose of the COVID-19 vaccine [53]. They are more vulnerable but have
relatively lower vaccination coverage, which may lead to an enormous risk of severe cases
and deaths emerging under the Omicron pandemic. In this study, sequential vaccination
strategies among different age groups were consistently effective and cost-saving, and
adhering to and increasing the vaccination coverage rate with a booster dose should be
encouraged to protect the elderly population. As this study would like to explore the
cost-effectiveness of universal booster vaccination, the 100% coverage rate may slightly
overestimate the effects of vaccination. The conclusion of this study was consistent with
and supported by a recently published American study, which concluded that the booster
vaccination strategy among elderly individuals was cost-saving compared to the two-dose
mRNA vaccine without a booster [58].

Moreover, implementing a sequential vaccination strategy that gives priority to mRNA
vaccines, adenovirus vectored vaccines and protein subunit vaccines and improves the vac-
cination coverage rate among elderly individuals, especially the rate of booster vaccination,
is of great importance and is an effective way to prevent the outbreak of severe cases and
deaths under the Omicron pandemic.

Our study has also shown that a booster shot of mRNA vaccines can increase more
QALYs at the lowest price. Since mRNA vaccines are still unavailable in mainland China,
the importation of mRNA vaccines or the marketing approval process of domestic mRNA
vaccines should be accelerated. The price of mRNA used in our study can also be used as a
reference for pricing.

The control of the Omicron strain pandemic has faced huge challenges. Further
research on the exploration of the most cost-effective combination of vaccines and differ-
ent NPI strategies in real-world scenarios, the reduction of unnecessary lockdown and
containment policies, and the maximization of smooth society operation and economic
development are needed to guarantee economic development, the sustainability of the
health system, and to safeguard population well-being.

This study has some limitations. First, the medical costs of infected cases were obtained
from the early stage of the COVID-19 outbreak in Wuhan, China. These data may change
as the pandemic progresses, the diagnosis and treatment guidelines improve, and the
infectivity and pathogenicity of the virus change. However, the Wuhan study contains
the most complete and robust data on medical costs. Second, the transition probabilities
between different health statuses were calculated using Hong Kong RWE; however, since
mass testing of COVID-19 was not adopted there, the infection rate was underestimated,
as asymptomatic cases could not be identified. Third, the SIR model cannot simulate the
status from recovered to infected again, while in real-world settings, being recovered from
COVID-19 can result in reinfection with another virus variant. A further limitation is that
the simulation period was only one year, without considering the waning of effectiveness,
since the adoption of the booster vaccination strategy lasted less than one year, and the
evidence on the process and rates of the waning of effectiveness was lacking. Further
analysis for a longer period considering the waning of vaccine effectiveness and mutating of
virus strains is needed. Finally, due to the unavailability of the proportion of asymptomatic
status, this study was not able to distinguish it from infected status.
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5. Conclusions

The sequential vaccination strategy is cost-saving regardless of the type of vaccine
in China as a real-world setting, and implementing the sequential vaccination of booster
shots with heterogeneous vaccines can be given priority, in which a booster shot of mRNA
vaccines is the most cost-saving strategy. Under the circumstances of the Omicron pan-
demic, improving the vaccination coverage rate among the elderly is of great importance
in avoiding severe cases and deaths.

6. Patents

No patients or the public were involved in this study.
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