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Abstract: In response to the coronavirus disease 2019 (COVID-19) pandemic, Japan conducted mass 

vaccination. Seventy-two million doses of vaccine (i.e., for 36 million people if a double dose is 

planned per person) were obtained, with initial vaccination of the older population (≥ 65 years). 

Because of the limited number of vaccines, the government discussed shifting the plan to administering 

only a single dose so that younger individuals (< 65 years) could also be vaccinated with one shot. 

This study aimed to determine the optimal vaccine distribution strategy using a simple mathematical 

method. After accounting for age-dependent relative susceptibility after single- and double-dose 

vaccination (vs and vd, respectively, compared with unvaccinated), we used the age-dependent 

transmission model to compute the final size for various patterns of vaccine distributions. Depending 

on the values of vs, the cumulative risk of death would be lower if all 72 million doses were used as a 

double dose for older people than if a single-dose program was conducted in which half is administered 

to older people and the other half is administered to adults (i.e., 1,856,000 deaths in the former program 

and 1,833,000-2,355,000 deaths [depending on the values of vs] in the latter). Even if 90% of older 

people were vaccinated twice and 100% of adults were vaccinated once, the effective reproduction 

number would be reduced from 2.50 to1.14. Additionally, the cumulative risk of infection would range 

from 12.0% to 54.6% and there would be 421,000-1,588,000deaths (depending on the values of vs). If 

an epidemic appears only after completing vaccination, vaccination coverage using a single-dose 

program with widespread vaccination among adults will not outperform a double-dose strategy. 

Keywords: SARS-CoV-2; immunization; mathematical model; epidemic; basic reproduction number; 

pandemic 
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1. Introduction  

In the growing epidemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

effective control measures are required to reduce the final size of infection and mortality. While public 

health and social measures (PHSMs), especially controlling social mixing or lockdowns, are effective 

in reducing the final size by 12%–13% [1,2], they impose a considerable economic and social cost. 

The specific pharmaceutical intervention of mass vaccination is considered useful, especially if it helps 

to achieve herd immunity level in the population. Various types of vaccines against SARS-CoV-2 have 

been created in response to the spread of this virus [3]. SARS-CoV-2 has a large basic reproduction 

number (i.e., the average number of secondary infections due to a single infector in a totally susceptible 

population) and a relatively high infection fatality risk (IFR) compared with seasonal influenza. 

Therefore, in 2021, affected countries needed to urgently provide an effective vaccination program.  

Amid the growing pandemic worldwide, there was a limited number of vaccine stocks when the 

program had just begun. Therefore, effective vaccine prioritization became a critical public health issue 

and was widely debated [4,5]. Some studies show that prioritizing vaccines to people in old age [6–8], 

essential workers [7,9], or people with disabilities [9,10] would be crucial to minimize the spread of 

the viral infections. Other studies imply that demographic location [9] and the rollout speed [11–13] 

are also important factors to expedite the suppression of the epidemic. One study demonstrates that 

some US states do not prioritize or have no vaccination protocols to incarcerated people and points 

this out to be a potential risk of future spreading of the virus [14]. We raised an urgent question as to 

how to prioritize vaccines in order to reduce the cumulative number of coronavirus disease 2019 

(COVID-19) cases and deaths by employing two distinct vaccination strategies in Japan more 

efficiently. One strategy is a severity reduction scheme, which mainly targets older people and people 

with underlying comorbidities. These hosts have been identified as having particularly high IFRs. 

Therefore, a reduction in the severity of COVID-19 aimed to protect these vulnerable people by a 

double dose. The other strategy is a transmission blocking strategy, which targets as many people as 

possible with only a single dose. The resulting efficacy with a single dose is smaller than that of a 

double dose. However, if a single dose offers a substantial protection from infection, elevating 

vaccination coverage would help reduce the reproduction number. Therefore, the herd immunity might 

be achieved more efficiently than the severity reduction scheme. A previous study showed that 

mortality and years of life lost were reduced most effectively if adults older than 60 years were 

prioritized [15]. However, other studies have shown that vaccinating younger essential workers or 

using transmission blocking strategies is more effective than simply covering older people [4,16].  

In February 2021, Japan was successful in importing vaccine stocks that were barely sufficient to 

cover all adults older than 65 years with the double-dose scheme. Nevertheless, because of forthcoming 

epidemic risks, policymakers were confronted with the choice to decide on providing a double dose 

versus a single dose. This decision can sometimes be controversial, especially in a situation where 

there is a limited number of vaccines available [17]. Therefore, theoretical support using mathematical 

models is required.  

In a series of two studies, we aimed to identify the optimal vaccine distribution strategy using a 

simple mathematical model. This part 1 study used the final size equation of a heterogeneous epidemic 

model and addressed the static situation in which an epidemic is expected only after completing the 

vaccination program. 
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2. Materials and methods 

As of 8 March 2021, the Japanese government announced that 72 million vaccine shots had been 

imported to Japan, which could technically cover the population aged 65 years or older. As an 

alternative, although a single-dose program only provides a partial antibody response compared with 

that with a double dose, it can virtually double the vaccination coverage if all vaccines are widely 

distributed. To compare the herd immunity level for these different vaccination strategies, we 

computed the final size of infection (i.e. the total number of people who experiences infection by the 

end of epidemic) and cumulative risk of death for each strategy. The cumulative number of confirmed 

COVID-19 cases in Japan as of 20 April 2021 was 530,000, which is approximately 0.4% of the total 

population, while the final size (z) in a homogenous model was estimated to be 89.3% using the 

following equation: 

𝑅0 = −
ln(1 − 𝑧)

z
 (1) 

where R0 is the basic reproduction number, which ranges from 1.5 to 3.5 with a representative value 

of 2.5 in COVID-19 [18]. We assumed that the initial size of infection was negligible and all people 

who were yet to be vaccinated remained susceptible. The final size equation is known to be extended 

to multi-host version, and if the type of host corresponds to age group, the age-specific cumulative 

incidence of age-structured susceptible-infectious-recovered (SIR) model can be conveniently 

calculated using a single equation in an iterative manner. It should be noted that compartmental 

extensions to susceptible-exposed-infectious-recovered (SEIR) model or SIR model with realistic 

infectious period distribution does not alter the final size. 

2.1. Data 

We categorized the Japanese population into 15 discrete age groups for every 5 years of age, with 

the oldest age group set at 70 years and older. The population data were retrieved from the census data, 

which were published by the Statistics Bureau of Japan as of February 2021 (Supplementary Table 1). 

We used the age-specific IFR that was calculated in a study conducted by Levin et al. [19].  

We used the age-dependent transmission model, which required an age-dependent contact matrix. 

Using a method that was described elsewhere [20,21], we quantified the contact matrix during the 

spring period of COVID-19 in 2000 before PHSM and used the contact matrix shown in Table 1 [22]. 
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Table 1. Contact frequencies between age groups as shown by a contact matrix. 

Age of 

contactees 

Age of contactors 

0–4 5–9 
10–

14 

15–

19 

20–

24 

25–

29 

30–

34 

35–

39 

40–

44 

45–

49 

50–

54 

55–

59 

60–

64 

65–

69 
70– 

0–4 1.05 0.54 0.21 0.01 0.04 0.20 0.79 0.67 0.39 0.09 0.05 0.09 0.21 0.24 0.12 

5–9 0.56 1.03 0.59 0.21 0.01 0.07 0.24 0.49 0.57 0.36 0.07 0.03 0.08 0.14 0.05 

10–14 0.22 0.59 1.70 0.45 0.02 0.01 0.10 0.17 0.51 0.64 0.24 0.12 0.03 0.02 0.04 

15–19 0.01 0.24 0.50 0.92 0.34 0.08 0.04 0.08 0.30 0.57 0.48 0.35 0.08 0.03 0.06 

20–24 0.06 0.02 0.04 0.45 0.47 0.48 0.24 0.13 0.22 0.33 0.77 0.84 0.35 0.10 0.13 

25–29 0.30 0.10 0.01 0.11 0.48 0.80 0.65 0.23 0.26 0.25 0.48 0.86 0.71 0.37 0.13 

30–34 1.26 0.37 0.15 0.05 0.25 0.69 1.07 0.53 0.31 0.23 0.31 0.46 0.74 0.56 0.20 

35–39 1.17 0.84 0.29 0.12 0.15 0.27 0.58 0.88 0.57 0.33 0.22 0.28 0.56 0.48 0.26 

40–44 0.78 1.13 1.00 0.53 0.29 0.35 0.39 0.66 1.22 0.63 0.54 0.39 0.39 0.46 0.43 

45–49 0.20 0.76 1.34 1.10 0.49 0.37 0.31 0.41 0.68 0.98 0.68 0.59 0.31 0.23 0.41 

50–54 0.08 0.13 0.43 0.78 0.95 0.61 0.36 0.24 0.50 0.58 1.08 0.64 0.41 0.20 0.31 

55–59 0.14 0.04 0.17 0.46 0.86 0.89 0.44 0.24 0.30 0.41 0.53 1.10 0.49 0.22 0.25 

60–64 0.30 0.11 0.03 0.10 0.32 0.66 0.65 0.45 0.27 0.20 0.31 0.45 0.94 0.53 0.25 

65–69 0.41 0.23 0.04 0.05 0.11 0.42 0.59 0.47 0.39 0.18 0.18 0.24 0.65 0.62 0.43 

70– 0.57 0.25 0.21 0.26 0.42 0.41 0.60 0.71 1.02 0.90 0.79 0.77 0.87 1.22 1.46 
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2.2. Mathematical models 

We derived the next-generation matrix K by calculating the element-wise product of the 

normalized contact matrix (i.e., contact matrix divided by its eigenvalue) and the vaccination coverage 

matrix S, which was then scaled by the basic reproduction number R0: 

𝐊 = 𝑅0
𝐂

𝜌(𝐂)
∘ 𝐒 = (

𝑅00,00 ⋯ 𝑅00,70
⋮ ⋱ ⋮

𝑅70,00 ⋯ 𝑅70,70

) (2) 

The subscript in the element of the matrix represents the age groups that the infectee and infector 

belong to (e.g., R25,40 represents the average number of secondary cases in the age group of 25–29 

years produced by a single primary case in the age group of 40–44 years). The matrix of susceptibility 

(S), including the vaccine effect, was a 15 × 15 matrix, which reflected the relative susceptibility of 

each age group as determined by vaccination coverage:  

𝐒 =

(

 
 
 
 
 

(1 − 𝑝00𝑠 − 𝑝00𝑑) + 𝑣𝑠𝑝00𝑠 + 𝑣𝑑𝑝00𝑑
(1 − 𝑝05𝑠 − 𝑝05𝑑) + 𝑣𝑠𝑝05𝑠 + 𝑣𝑑𝑝05𝑑

⋯
⋯

(1 − 𝑝00𝑠 − 𝑝00𝑑) + 𝑣𝑠𝑝00𝑠 + 𝑣𝑑𝑝00𝑑
(1 − 𝑝05𝑠 − 𝑝05𝑑) + 𝑣𝑠𝑝05𝑠 + 𝑣𝑑𝑝05𝑑

⋮ ⋱ ⋮
(1 − 𝑝55𝑠 − 𝑝55𝑑) + 𝑣𝑠𝑝55𝑠 + 𝑣𝑑𝑝55𝑑

(1 − 𝑝60𝑠 − 𝑝60𝑑) + (𝑣𝑠 + (1 − 𝑣𝑠)(1 − 𝑤60))𝑝60𝑠 + (𝑣𝑑 + (1 − 𝑣𝑑)(1 − 𝑤60))𝑝60𝑑

(1 − 𝑝65𝑠 − 𝑝65𝑑) + (𝑣𝑠 + (1 − 𝑣𝑠)(1 − 𝑤65))𝑝65𝑠 + (𝑣𝑑 + (1 − 𝑣𝑑)(1 − 𝑤65))𝑝65𝑑

(1 − 𝑝70𝑠 − 𝑝70𝑑) + (𝑣𝑠 + (1 − 𝑣𝑠)(1 − 𝑤70))𝑝70𝑠 + (𝑣𝑑 + (1 − 𝑣𝑑)(1 − 𝑤70))𝑝70𝑑

⋯
⋯
⋯
⋯

(1 − 𝑝55𝑠 − 𝑝55𝑑) + 𝑣𝑠𝑝55𝑠 + 𝑣𝑑𝑝55𝑑
(1 − 𝑝60𝑠 − 𝑝60𝑑) + (𝑣𝑠 + (1 − 𝑣𝑠)(1 − 𝑤60))𝑝60𝑠 + (𝑣𝑑 + (1 − 𝑣𝑑)(1 − 𝑤60))𝑝60𝑑

(1 − 𝑝65𝑠 − 𝑝65𝑑) + (𝑣𝑠 + (1 − 𝑣𝑠)(1 − 𝑤65))𝑝65𝑠 + (𝑣𝑑 + (1 − 𝑣𝑑)(1 − 𝑤65))𝑝65𝑑

(1 − 𝑝70𝑠 − 𝑝70𝑑) + (𝑣𝑠 + (1 − 𝑣𝑠)(1 − 𝑤70))𝑝70𝑠 + (𝑣𝑑 + (1 − 𝑣𝑑)(1 − 𝑤70))𝑝70𝑑)

 
 
 
 
 

 (3) 

where pXs and pXd represent the fraction of people belonging to age group X who received a single and 

double dose, respectively (i.e., vaccination coverage), and vs and vd denote the relative susceptibility 

of vaccinated individuals who received a single and double dose, respectively. In the older group of 

people aged ≥ 60 years, a slightly reduced age-dependent vaccine efficacy compared with younger 

people was considered [15]. The age-dependent relative vaccine efficacy is denoted by w60, w65, and 

w70 for the subgroups of 60–64, 65–69, and ≥70 years, respectively. Thus, the relative susceptibility of 

among vaccinated individuals in these age subgroups, described by 1 – wi (i ∊ {60, 65, 70}), was 

multiplied to the vaccinated portions of 60–64, 65–69, and ≥ 70 years. 

The cumulative proportion of people in each age group who experience infection by the end of 

epidemic (i.e., the final size) is expressed in the vector form z: 

𝒛 = (

𝑧00
𝑧05
⋮
𝑧70

) =

(

 
 

1 − exp[−(𝑅00,00𝑧00 + 𝑅00,05𝑧05 +⋯+ 𝑅00,70𝑧70)]

1 − exp[−(𝑅05,00𝑧00 + 𝑅05,05𝑧05 +⋯+ 𝑅05,70𝑧70)]

⋮
1 − exp[−(𝑅70,00𝑧00 + 𝑅70,05𝑧05 +⋯+ 𝑅70,70𝑧70)])

 
 

 (4) 

Unfortunately, there is no analytical solution for this vector, but the recursive equation (4) can be 

iteratively solved. The final size of the infection in total (ZI) was calculated by taking a dot product of 

z and the population fraction vector p (i.e., the relative size of the discrete age-specific population): 

𝐙𝐈 = 𝑁𝒛 ∙ 𝒑 (5) 

where N is the total population size of Japan (i.e., 125,620,000 people). Similarly, the final size of 

death in total (ZD) was calculated by taking a dot product of z and the IFR vector f: 

𝐙𝐃 = 𝑁𝒛 ∙ (𝒑 ∘ 𝒇) (6) 

As mentioned above, f was retrieved from the literature [19] and is available in the Supplementary 
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material. Table 2 shows the parameter values and their references that we used. We assumed that the 

basic reproduction number (R0) was 2.5. On basis of a study conducted by Dagan et al. [23], the relative 

susceptibility after a single and double dose, denoted by vs and vd, were fixed at 50% and 5%, 

respectively. The age-dependent relative vaccine efficacy, w60, w65, and w70, were assumed to be 

83.33%, 83.33%, and 66.67%, respectively [15]. To examine the sensitivity of our result (i.e., optimal 

vaccination target) regarding the age-dependent relative susceptibility, we also conducted the same 

computation with the relative susceptibility after a single-dose scheme (vs), which was set at 35% and 

20% [21,23]. Lastly, we carried out a sensitivity analysis of the cumulative risks of infection and death, 

varying the relative risk of death to 1%, 5% and 10%, respectively. 

Table 2. Parameter values used for calculating the final size of infection/death with 

comparative vaccination strategies against the COVID-19 epidemic in Japan. 

Parameter Value(s) Reference 

Basic reproduction number (R0) 2.5 [38-40] 

Relative susceptibility after one dose of 

vaccination (vs) 

50%, 35%, and 20% Assumption 

and [21, 23] 

Relative susceptibility after two doses of 

vaccination (vd) 

1%, 5%, and 10%  [23] 

Age-dependent relative vaccine efficacy in 

60–64 (w60), 65–69 (w65), and 70– (w70) 

83.33%, 83.33%, and 66.67%  [15] 

 

All quantitative analyses as mentioned above were implemented using statistical package R 

version 4.1.0 (The Comprehensive R Archive Network; https://cran.r-project.org/). 

3. Results 

Figure 1 shows the expected cumulative risk of infection as a function of doses consumed using 

the following two different vaccination strategies: (i) all doses are randomly provided to 36 million 

people older than 65 years who receive the double-dose scheme; and (ii) 50% of the doses are randomly 

provided to all people older than 65 years, and the rest are randomly allocated to 69 million adults 

aged between 20 and 64 years who receive the single-dose scheme. Assuming that the relative 

susceptibility after a single dose was 50%, in the absence of vaccination, 89.1% of the population were 

expected to experience infection, leading to 2,652,000 deaths. The cumulative risk of infection 

gradually decreased as the vaccination coverage increased and changed to 78.2% and 78.3% when all 

72 million doses were consumed when following strategies (i) and (ii), respectively (Figure 1A). The 

cumulative risk of death was expected to change more drastically in strategy (i) than in (ii). The 

cumulative mortality would decrease from 2,652,000 to 1,856,000 in strategy (i), while strategy (ii) 

would only decrease to 2,355,000 if all 72 million doses were administered (Figure 1D). However, if 

we assumed that single-dose vaccination would contribute to yielding a relative susceptibility at 20% 

(instead of 50%) and that all 72 million doses were consumed, the estimated cumulative risk of 

infection would be 78.2%, leading to 1856,000 deaths in strategy (i). Additionally, the estimated 

cumulative risk of infection would be 63.5%, leading to 1833,000 deaths in strategy (ii) (Figure 1F).  
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Figure 1. Cumulative risk of infection (percentage in relation to the total population of 

Japan; panels A, B, and C) and the cumulative number of deaths (panels D, E, and F). 

These data include the total number of doses randomly administered to people older than 

65 years receiving the double-dose strategy (solid lines), or half administered to adults 

aged between 20 and 64 years and the other half administered to people older than 65 years 

taking the single-dose scheme (dotted lines). The relative susceptibility after a single dose 

is assumed to be 50% (panels A and D), 35% (panels B and E), and 20% (panels C and F). 

Figure 2 shows the cumulative risk of infection and death as a function of single-dose coverage 

among adults and different double-dose coverage among older people. When vs was assumed to be 

50%, with double-dose coverage of 30% among older people combined with single-dose coverage of 

100% among adults, the final size of infection would be 65.3% with 2,317,000 deaths (90.5 million 

doses are required to achieve these data; Figure 2A and 2D). With the same coverage, if vs was assumed 

to be 20% (instead of 50%), the final size of infection would be 23.9% with 1,253,000 deaths (Figure 

2C and 2F). However, if double-dose coverage among older people was elevated to 90% (with vs 

assumed to be 50%), while single-dose coverage among adults was 100%, the final size of infection 

would change to 54.6% with 1,588,000 deaths (Figure 2A and 2D). If vs was assumed to be 20%, the 

final size of infection would be 12.0% with 421,000 deaths for the same of combination of parameters 

(134 million doses are required to achieve these data; Figure 2C and 2F). In this scenario, the effective 

reproduction number was reduced from 2.50 to 1.14, which is still above the herd immunity threshold. 

Figure 3 shows the results from the sensitivity analysis with respect to vd. When vs was fixed at 

35% and all 72 million doses were consumed for people aged 65 years and older following strategy (i) 

77.2% and 79.5% of the population would eventually experience infection, leading to 1,770 thousand 

and 1,954 thousand deaths, if the relative susceptibility after a double dose, vd, was 1% and 

10%, respectively.  
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Figure 2. Cumulative risk of infection (percentage in relation to the total population of 

Japan; panels A, B, and C) and the cumulative number of deaths (panels D, E, and F) with 

single-dose coverage among adults aged between 20 and 64 years, along with different 

types of double-dose coverage among people aged 65 years and older. The relative 

susceptibility after a single dose, vs, was assumed to be 50% (A and D), 35% (B and E), 

and 20% (C and F), while that after a double dose, vd, was fixed at 5%. 

 

Figure 3. Cumulative risk of infection (percentage in relation to the total population of 

Japan; panels A, B, and C) and the cumulative number of deaths (panels D, E, and F) with 

single-dose coverage among adults aged between 20 and 64 years, along with different 

types of double-dose coverage among people aged 65 years and older. The relative 

susceptibility after a double dose, vd, was assumed to be 1% (A and D), 5% (B and E), and 

10% (C and F), while that after a single dose, vs, was fixed at 35%. 

4. Discussion 

To answer a policy question regarding the prioritization of COVID-19 vaccines, we used an age-

dependent heterogeneous transmission model and derived a final size equation. We compared the final 
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sizes in various possible scenarios of the total dose, using either a double-dose or a single-dose (partial) 

scheme. Our study showed that enlarging the coverage by using a single dose would be beneficial, 

especially when the reduced susceptibility with one shot was substantial. However, considering that a 

50% reduction in susceptibility following one shot was plausible, the single-dose scheme did not 

outperform the conventional double-dose strategy.  

There are two important take-home messages from the present study. First, while the single-dose 

scheme is expected to contribute to reducing transmission and elevating herd immunity in the 

population, this strategy is not recommended as an actual policy. Our simulation showed that 

prioritizing people aged 65 years and older was vital for reducing the death toll. This finding is 

compatible with a previous study, which showed that vaccine priority for people older than 60 years 

would reduce mortality and years of life lost [15]. This finding can be explained by the high IFR among 

older people, especially among those aged 75 years and older [19]. Therefore, the decrease in the 

relative susceptibility among individuals vaccinated with two doses, especially in older age groups, 

directly leads to the decrease in the death size (Figure 3D to F). Reducing the incidence of infection 

was the primary goal of this study, and the single-dose scheme was not substantially inferior to the 

double-dose scheme. Furthermore, Japan has had intense anti-vaccine campaigns since investigations 

for adverse effects of human papillomavirus vaccine started in 2014 [24]. However, elevating the 

vaccination coverage among young adults by the single-dose scheme with insufficient efficacy could 

be challenging. Second, the vaccine stocks that only covered the older population were not sufficient 

to contain the epidemic, and a much greater amount was required to anticipate the herd immunity 

threshold. Because of the limited efficacy, our simulation showed that the minimum double-dose 

vaccine coverage needed to be 99.4% in those aged 20 years or older to reach the effective reproduction 

number to fall below 1.0 only using vaccination. Importing vaccines to cover virtually the whole nation 

has been a formidable task. Therefore, other PHSM, including social distancing and lockdowns, have 

been required as possible options to concurrently prevent the spread of the epidemic [25]. 

Another concern of the ongoing epidemic of COVID-19 is that we have repeatedly faced the 

threat of variants of concern (VOCs), including Alpha, Delta, and Omicron variants. In addition to the 

elevated transmissibility of these VOCs compared with the wild type (which leads to a higher basic 

reproduction number), studies have shown slightly lower titers in vaccinated sera against a UK VOC 

and marked resistance against vaccines in other VOCs (e.g., the Beta variant), even after taking a 

double dose [3,26–32]. A previous study showed that increasing primary vaccination coverage against 

the Omicron variant would lead to a reduction in hospitalizations and deaths [33]. Nevertheless, as a 

practical recommendation to the present status in Japan, the partial effectiveness of vaccinations 

against these VOCs suggests that rapid implementation of mass vaccination is still urgent to reduce 

the overwhelming hospital burden. A reduction in the incidence of new COVID-19 cases is required 

to sustain the socioeconomic burden and to maintain human casualties at the lowest level before new 

types of vaccines that are effective against VOCs are available. 

In the present study, we addressed the vaccine prioritization issue in a static parameter setting; 

the cumulative number of cases and deaths can be calculated by simply solving a set of mathematical 

equations. Using this model, vaccination was assumed to be completed in advance of the epidemic, 

and key parameters, including the basic reproduction number, were not assumed to vary over the course 

of the epidemic. While the final size did not differ substantially with varying relative susceptibility 

after single- or double-doses of vaccines (Figure 1 and 3), the equation allowed us to solve the policy 

question in a simple manner. However, the use of a final size equation was based on the assumption 
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that the dynamics of the entire epidemic were sufficiently captured by the assumed model. If the 

epidemic starts during the course of vaccination, and if several epidemiological parameters, including 

transmissibility, vary over the course of time, other approaches accounting for such dynamic process 

are required. Partly because of this technical issue, and also because modelling study was not 

necessarily considered during decision making process by all countries, policy decisions on this matter 

across the world were highly variable. From ethical point of view, it was reasonable to choose double 

dose strategy as a convention, but some dynamic modelling studies indicated that single dose would 

outperform [4,16]. As a consequence, it was evident in real time that modelling studies yield diverse 

policy recommendations depending on varying assumptions and methodologies, and in practice, it was 

difficult to make a proper conclusive judgement in real time. In fact, a published study emphasized an 

importance of sociocultural factors that change the transmission dynamics, such as cultural difference 

from region to region, attitude changes, educational backgrounds, and people’s adherence to 

prevention activity [34]. This point remained to be a future subject for policy science to resolve 

possibly in advance of pandemic event. 

There are several limitations to this study. First, the vaccine rollout rate was not taken into 

consideration. We only computed the cumulative risk of infection from the final size and the 

cumulative number of deaths as a weighted average, and these are what we expect to observe in a long 

span. The time gap between vaccination and the titers to reach a protective level was also disregarded, 

but they did not matter during the process of final size computation [35]. Second, the initial infection 

size was disregarded. As of 30 April 2021, Japan has experienced 590,000 reported cases with > 10,000 

deaths, accounting for 0.5% and 0.01% of the whole population, respectively [36]. Even though these 

numbers are negligible, the computed infection size and death toll might differ if the initial infection 

size was considered, especially if using a similar approach at a later stage of the pandemic. Third, 

VOCs were ignored in this analysis, but Japan has continuously experienced a series of epidemics 

induced by VOCs [37]. As mentioned above, VOCs induced altered susceptibility against vaccines, 

and the cumulative risks could have been larger than what was computed in the present study. Fourth, 

heterogeneities other than age were not explicitly considered. Vaccine priority in Japan was given to 

medical professionals who are at a particularly elevated risk of infection.  

5. Conclusions 

We believe that our simple method will be useful in public health decision-making in determining 

vaccine dosage and distribution. When the vaccine stock is limited, enlarging vaccination coverage by 

using a single-dose regimen would not substantially outperform a double-dose scheme in avoiding 

mortality. 

Acknowledgments 

This work was supported by the Japan Society for the Promotion of Science (JSPS) KAKENHI 

(grant number to TK: 21K10467), the Health Care Science Institute (IKEN), and Fujiwara Foundation. 

HN received funding from Health and Labour Sciences Research Grants (20CA2024, 20HA2007, 

21HB1002, and 21HA2016), the Japan Agency for Medical Research and Development 

(JP20fk0108140 and JP20fk0108535), the JSPS KAKENHI (21H03198), Environment Research and 

Technology Development Fund (JPMEERF20S11804) of the Environmental Restoration and 

Conservation Agency of Japan, the Japan Science and Technology Agency CREST program 



7384 

Mathematical Biosciences and Engineering  Volume 19, Issue 7, 7374–7387. 

(JPMJCR1413), and the SICORP program (JPMJSC20U3 and JPMJSC2105). We thank local 

governments, public health centers, and institutes for surveillance, laboratory testing, epidemiological 

investigations, and data collection. We thank Ellen Knapp, PhD, from Edanz (https://jp.edanz.com/ac) 

for editing a draft of this manuscript. The funders had no role in the study design, data collection and 

analysis, decision to publish, or preparation of the manuscript. 

Conflict of interest 

The authors declare that there is no conflict of interests regarding the publication of this paper. 

References 

1. K. L. Prem, Y. Liu, T. W. Russell, A. J. Kucharski, R. M. Eggo, N. Davies, et.al., The effect of 

control strategies to reduce social mixing on outcomes of the COVID-19 epidemic in Wuhan, 

China: A modelling study, Lancet Public Health, 5 (2020), e261–e270. 

https://doi.org/10.1016/S2468-2667(20)30073-6 

2. B. L. Dickens, J. R. Koo, J. T. Lim, M. Park, S. Quaye, H. Sun, et. al., Modelling lockdown and 

exit strategies for COVID-19 in Singapore, Lancet Regional Health – Western Pacific, 1 (2020) 

100004. https://doi.org/10.1016/j.lanwpc.2020.100004 

3. E. Mahase, Covid-19: Novavax vaccine efficacy is 86% against UK variant and 60% against South 

African variant, BMJ, 372 (2021), n296. https://doi.org/10.1136/bmj.n296 

4. G. Persad, M. E. Peek, E. J. Emanuel, Fairly prioritizing groups for access to COVID-19 vaccines, 

JAMA, 324 (2020), 1601–1602. https://doi.org/10.1001/jama.2020.18513 

5. K. Liu, Y. Lou, Optimizing COVID-19 vaccination programs during vaccine shortages, Infect Dis. 

Model, 7 (2022), 286–298. https://doi.org/10.1016/j.idm.2022.02.002 

6. P. C. Jentsch, M. Anand, C. T. Bauch, Prioritising COVID-19 vaccination in changing social and 

epidemiological landscapes: A mathematical modelling study, Lancet Infect. Dis., 3099 (2021), 

00057-8. https://doi.org/10.1016/S1473-3099(21)00057-8 

7. G. Persad, E. J. Emanuel, S. Sangenito, A. Glickman, S. Phillips, E. A. Largent, Public 

perspectives on COVID-19 vaccine prioritization, JAMA Netw. Open, 4 (2021), e217943. 

https://doi.org/10.1001/jamanetworkopen.2021.7943 

8. E. Rumpler, M. J. Feldman, M. T. Bassett, M. Lipsitch, Equitable COVID-19 vaccine 

prioritization: Front-line workers or 65–74 year olds?, preprint, medRxiv, no. 

2022.02.03.22270414. https://doi.org/10.1101/2022.02.03.22270414 

9. L. A. C. Chapman, P. Shukla, I. Rodríguez-Barraquer, P. B. Shete, T. M. León, K. Bibbins-

Domingo, et al., Risk factor targeting for vaccine prioritization during the COVID-19 pandemic, 

Sci. Rep., 12 (2022), 3055. https://doi.org/10.1038/s41598-022-06971-5 

10. S. Epstein, K. Ayers, B. K. Swenor, COVID-19 vaccine prioritisation for people with disabilities, 

Lancet Public Health, 6 (2021), e361. https://doi.org/10.1016/S2468-2667(21)00093-1 

11. S. Han, J. Cai, J. Yang, J. Zhang, Q. Wu, W. Zheng, et al., Time-varying optimization of COVID-

19 vaccine prioritization in the context of limited vaccination capacity, Nat. Commun., 12 (2021), 

4673. https://doi.org/10.1038/s41467-021-24872-5 

12. E. K. Lee, Z. L. Li, Y. K. Liu, J. LeDuc, Strategies for vaccine prioritization and mass dispensing, 

Vaccines (Basel), 9 (2021), 506. https://doi.org/10.3390/vaccines9050506 

https://doi.org/10.1016/S2468-2667(20)30073-6
https://doi.org/10.1016/j.lanwpc.2020.100004
https://doi.org/10.1136/bmj.n296
https://doi.org/10.1001/jama.2020.18513
https://doi.org/10.1016/j.idm.2022.02.002
https://doi.org/10.1016/S1473-3099(21)00057-8
https://doi.org/10.1001/jamanetworkopen.2021.7943
https://doi.org/10.1101/2022.02.03.22270414
https://doi.org/10.1038/s41598-022-06971-5
https://doi.org/10.1016/S2468-2667(21)00093-1
https://doi.org/10.1038/s41467-021-24872-5
https://doi.org/10.3390/vaccines9050506


7385 

Mathematical Biosciences and Engineering  Volume 19, Issue 7, 7374–7387. 

13. H. Tatapudi, R. Das, T. K. Das, Impact of vaccine prioritization strategies on mitigating COVID-

19: An agent-based simulation study using an urban region in the United States, BMC Med. Res. 

Methodol., 21 (2021), 272. https://doi.org/10.1186/s12874-021-01458-9 

14. R. Strodel, L. Dayton, H. M. Garrison-Desany, G. Eber, C. Beyrer, J. Arscott, et al., COVID-19 

vaccine prioritization of incarcerated people relative to other vulnerable groups: An analysis of 

state plans, PLoS One, 16 (2021), e0253208. https://doi.org/10.1371/journal.pone.0253208 

15. K. M. Bubar, K. Reinholt, S. M. Kissler, M. Lipsitch, S. Cobey, Y. H. Grad, et al., Model-informed 

COVID-19 vaccine prioritization strategies by age and serostatus, Science, 371 (2021), 916–921. 

https://doi.org/10.1126/science.abe6959 

16. J. H. Buckner, G. Chowell, M. R. Springborn, Dynamic prioritization of COVID-19 vaccines 

when social distancing is limited for essential workers, Proc. Natl. Acad. Sci. U. S. A., 118 (2021), 

e2025786118. https://doi.org/10.1073/pnas.2025786118 

17. H. Nishiura, K. Iwata, A simple mathematical approach to deciding the dosage of vaccine against 

pandemic H1N1 influenza, Euro. Surveill., 14 (2009), 1–5. 

https://doi.org/10.2807/ese.14.45.19396-en 

18. M. A. Billah, M. M. Miah, M. N. Khan, Reproductive number of coronavirus: A systematic review 

and meta-analysis based on global level evidence, PLoS One, 15 (2020), e0242128. 

https://doi.org/10.1371/journal.pone.0242128 

19. A. T. Levin, W. P. Hanage, N. Owusu-Boaitey, K. B. Cochran, S. P. Walsh, G. Meyerowitz-Katz, 

Assessing the age specificity of infection fatality rates for COVID-19: Systematic review, meta-

analysis, and public policy implications, Eur. J. Epidemiol., 35 (2020), 1123–1138. 

https://doi.org/10.1007/s10654-020-00698-1 

20. L. Munasinghe, Y. Asai, H. Nishiura, Quantifying heterogeneous contact patterns in Japan: A 

social contact survey, Theor. Biol. Med. Model., 16 (2019), 6. https://doi.org/10.1186/s12976-019-

0102-8 

21. E. Mahase, Covid-19: Reports from Israel suggest one dose of Pfizer vaccine could be less 

effective than expected, BMJ, 372 (2021), n217. https://doi.org/10.1136/bmj.n217 

22. H. Nishiura, Tracking Public Health and Social Measures, in World Health Organization, 2021, 

work in progress. 

23. N. Dagan, N. Barda, E. Kepten, O. Miron, S. Perchik, M. A. Katz, et al., BNT162b2 mRNA Covid-

19 vaccine in a nationwide mass vaccination setting, N. Engl. J. Med., 384 (2021), 1412–1423. 

https://doi.org/10.1056/NEJMoa2101765 

24. S. J. B. Hanley, E. Yoshioka, Y. Ito, R. Kishi, HPV vaccination crisis in Japan, Lancet, 385 (2015), 

2571. https://doi.org/10.1016/S0140-6736(15)61152-7 

25. S. Moore, E. M. Hill, M. J. Tildesley, L. Dyson, M. J. Keeling, Vaccination and non-

pharmaceutical interventions for COVID-19: A mathematical modelling study, Lancet Infect. Dis., 

3099 (2021), 793–802. https://doi.org/10.1016/S1473-3099(21)00143-2 

26. J. Wise, Covid-19: The E484K mutation and the risks it poses, BMJ, 372 (2021), n359. 

https://doi.org/10.1136/bmj.n359 

27. T. Burki, Understanding variants of SARS-CoV-2, Lancet, 397 (2021), 462. 

https://doi.org/10.1016/S0140-6736(21)00298-1 

28. D. A. Collier, A. De Marco, I. A. T. M. Ferreira, B. Meng, R. Datir, A. C. Walls, et. al., Sensitivity 

of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited antibodies, Nature, 593 (2021), 136–141. 

https://doi.org/10.1038/s41586-021-03412-7 

https://doi.org/10.1186/s12874-021-01458-9
https://doi.org/10.1371/journal.pone.0253208
https://doi.org/10.1126/science.abe6959
https://doi.org/10.1073/pnas.2025786118
https://doi.org/10.2807/ese.14.45.19396-en
https://doi.org/10.1371/journal.pone.0242128
https://doi.org/10.1007/s10654-020-00698-1
https://doi.org/10.1186/s12976-019-0102-8
https://doi.org/10.1186/s12976-019-0102-8
https://doi.org/10.1136/bmj.n217
https://doi.org/10.1056/NEJMoa2101765
https://doi.org/10.1016/S0140-6736(15)61152-7
https://doi.org/10.1016/S1473-3099(21)00143-2
https://doi.org/10.1136/bmj.n359
https://doi.org/10.1016/S0140-6736(21)00298-1
https://doi.org/10.1038/s41586-021-03412-7


7386 

Mathematical Biosciences and Engineering  Volume 19, Issue 7, 7374–7387. 

29. D. Planas, T. Bruel, L. Grzelak, F. Guivel-Benhassine, I. Staropoli, F. Porrot, et al., Sensitivity of 

infectious SARS-CoV-2 B.1.1.7 and B.1.351 variants to neutralizing antibodies, Nat. Med., 27 

(2021), 917–924. https://doi.org/10.1038/s41591-021-01318-5 

30. A. Muik, A. K. Wallisch, B. Sänger, K. A. Swanson, J. Mühl, W. Chen, et al., Neutralization of 

SARS-CoV-2 lineage B.1.1.7 pseudovirus by BNT162b2 vaccine–elicited human sera, Science, 

371 (2021), 1152–1153. https://doi.org/10.1126/science.abg6105 

31. P. Wang, M. S. Nair, L. Liu, S. Iketani, Y. Luo, Y. Guo, et al., Antibody Resistance of SARS-

CoV-2 Variants B.1.351 and B.1.1.7, Nature, 593 (2021), 130–135. 

https://doi.org/10.1038/s41586-021-03398-2 

32. D. Zhou, W. Dejnirattisai, P. Supasa, C. Liu, A. J. Mentzer, H. M. Ginn, et al., Evidence of escape 

of SARS-CoV-2 variant B.1.351 from natural and vaccine-induced sera, Cell, 184 (2021), 2348–

2361. https://doi.org/10.1016/j.cell.2021.02.037 

33. K. Leung, M. Jit, G. M. Leung, J. T. Wu, The allocation of COVID-19 vaccines and antivirals 

against emerging SARS-CoV-2 variants of concern in East Asia and Pacific region: A modelling 

study, Lancet Regional Health – Western Pacific, 21 (2022), 100389. 

https://doi.org/10.1016/j.lanwpc.2022.100389 

34. C. C. John, V. Ponnusamy, S. K. Chandrasekaran, R. Nandakumar, A survey on mathematical, 

machine learning and deep learning models for COVID-19 transmission and diagnosis, IEEE Rev. 

Biomed. Eng., 15 (2022), 325–340. https://doi.org/10.1109/RBME.2021.3069213 

35. S. M. Saadat, Z. R. Tehrani, J. Logue, M. Newman, M. B. Frieman, A. D. Harris, et al., Binding 

and neutralization antibody titers after a single vaccine dose in health care workers previously 

infected with SARS-CoV-2, JAMA, 325 (2021), 1467–1469. 

https://doi.org/10.1001/jama.2021.3341 

36. COVID-19 Dashboard, the Center for Systems Science and Engineering (CSSE) at Johns Hopkins 

University, 2021. Available From: 

https://gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299423467

b48e9ecf6 (accessed Mar. 30, 2021). 

37. COVID-19 Advisory Board, Ministry of Health, Labor and Welfare (in Japanese), From 

https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/0000121431_00216.html (accessed Apr. 30, 

2021). 

38. I. Locatelli, B. Trächsel, V. Rousson, Estimating the basic reproduction number for COVID-19 in 

Western Europe, PLoS One, 16 (2021), 1–9. https://doi.org/10.1371/journal.pone.0248731 

39. Z. Zhuang, S. Zhao, Q. Lin, P. Cao, Y. Lou, L. Yang, et al., Preliminary estimates of the 

reproduction number of the coronavirus disease (COVID-19) outbreak in Republic of Korea and 

Italy by 5 March 2020, Int. J. Infect. Dis., 95 (2020), 308–310. 

https://doi.org/10.1016/j.ijid.2020.04.044 

40. M. Al-Raeei, The basic reproduction number of the new coronavirus pandemic with mortality for 

India, the Syrian Arab Republic, the United States, Yemen, China, France, Nigeria and Russia 

with different rate of cases, Clin. Epidemiol. Glob. Heal., 9 (2021), 147–149. 

https://doi.org/10.1016/j.cegh.2020.08.005 

 

 

 

https://doi.org/10.1038/s41591-021-01318-5
https://doi.org/10.1126/science.abg6105
https://doi.org/10.1038/s41586-021-03398-2
https://doi.org/10.1016/j.cell.2021.02.037
https://doi.org/10.1016/j.lanwpc.2022.100389
https://doi.org/10.1109/RBME.2021.3069213
https://doi.org/10.1001/jama.2021.3341
https://doi.org/10.1371/journal.pone.0248731
https://doi.org/10.1016/j.ijid.2020.04.044
https://doi.org/10.1016/j.cegh.2020.08.005


7387 

Mathematical Biosciences and Engineering  Volume 19, Issue 7, 7374–7387. 

Supplementary material 

S1. Age-specific population fraction 

Age group Fraction 

0–4 (p00) 0.037 

5–9 (p05) 0.040 

10–14 (p10) 0.043 

15–19 (p15) 0.045 

20–24 (p20) 0.051 

25–29 (p25) 0.050 

30–34 (p30) 0.052 

35–39 (p35) 0.059 

40–44 (p40) 0.066 

45–49 (p45) 0.078 

50–54 (p50) 0.070 

55–59 (p55) 0.063 

60–64 (p60) 0.059 

65–69 (p65) 0.064 

70– (p70) 0.224 

 

S2. Age-specific IFR 

Age group IFR 

0–4 (f00) 0.00004 

5–9 (f05) 0.00004 

10–14 (f10) 0.00004 

15–19 (f15) 0.00004 

20–24 (f20) 0.00004 

25–29 (f25) 0.00004 

30–34 (f30) 0.00004 

35–39 (f35) 0.00068 

40–44 (f40) 0.00068 

45–49 (f45) 0.0023 

50–54 (f50) 0.0023 

55–59 (f55) 0.0075 

60–64 (f60) 0.0075 

65–69 (f65) 0.025 

70– (f70) 0.085 

IFR, infection fatality risk. Retrieved from [19]. 

©2022 the Author(s), licensee AIMS Press. This is an open access 

article distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/4.0) 


