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Abstract: Japan successfully implemented a mass vaccination program for coronavirus disease 2019
(COVID-19), immunizing more than 1 million persons a day by July 2021. Given the COVID-19
vaccination capacity limitations, an urgent question was raised regarding whether it would be better to
(1) complete double-dose COVID-19 vaccination among healthcare personnel and older adults before
beginning double-dose vaccination of younger adults (double-dose strategy) or (ii) allocate a single
dose of COVID-19 vaccine to all adults regardless of age before administering the second dose (single-
dose-first strategy). We used an age-structured susceptible-infectious-recovered (SIR) compartment
model to compare the effectiveness of possible COVID-19 vaccination strategies and the length of
public health and social measures (PHSM) to minimize the cumulative COVID-19 disease risk and
death toll. Our results indicate that if the single-dose-first strategy was taken, an estimated total of
1,387,078 persons, i.e., 263,315 children, 928,518 young adults, and 195,245 older adults, would
develop COVID-19, resulting in 15,442 deaths. In contrast, if the double-dose strategy was taken
instead, an estimated total of 1,900,172 persons, i.e., 377,107 children, 1,315,927 young adults, and
207,138 older adults, would develop COVID-19, yielding 17,423 deaths. Real-time investigation
favored the disease transmission blocking option, i.e., single-dose vaccination strategy. Applying the
single-dose-first strategy should yield a smaller epidemic size than applying the double-dose strategy;
however, for both strategies, PHSM will be essential by the time second-dose COVID-19 vaccination
is complete among all adults.
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1. Introduction

Japan started its vaccination program for coronavirus disease 2019 (COVID-19) in February 2021,
using messenger RNA (mRNA) COVID-19 vaccines and first prioritizing healthcare personnel. The
country had a plan to host the Tokyo Olympic Games, which had been postponed for 1 year from 2020
owing to the COVID-19 pandemic, beginning in late July 2021. Fueled by the need to protect at least
the higher risk population of adults aged 65 years or older by that time, Japan successfully vaccinated
more than 1 million persons a day, a speed of immunization that was unprecedented in the history of
Japan. Given the available COVID-19 vaccination capacity, a critical study question was whether to
implement single-dose vaccination to as many people as possible or to adopt a double-dose vaccination
strategy targeting high risk populations to firmly protect older adults and people with a comorbidity or
at risk of severe complications from COVID-19, which we have discussed at length in Part 1 [1].

Owing to the high basic reproduction number, i.e., average number of secondary cases caused by
a single primary case in a fully susceptible population, and the substantial infection fatality risk (IFR),
1.e., the risk of death among all infected individuals, especially among older adults, of COVID-19, it
would have been ideal to vaccinate the entire population in advance of the Olympic Games and achieve
herd immunity; however, the COVID-19 vaccine stocks and the available time for vaccinating citizens
were both limited. In the previous study of this study series, we explored the question of which
COVID-19 strategy is better by using final size equation [1], similarly to earlier studies on pandemic
influenza [2—4]. However, the vaccination in that type of approach was modeled in a static manner.
When the fixed capacity of vaccination per unit time is known (as is the case in the present study), it
would be valuable to explore the prioritization question (i.e., single dose vs double dose), employing
a dynamic modeling approach.

An urgent question was raised regarding whether it would be better to (i) complete double-dose
COVID-19 vaccination among healthcare personnel and older adults before beginning double-dose
vaccination of younger adults (double-dose strategy) or (ii) allocate a single dose of COVID-19
vaccine to all adults regardless of age before administering the second dose (single-dose-first strategy).
This question is raised, because vaccination has two different effects, i.e., (i) preventing disease and
preventing death from disease, and (ii) preventing secondary transmission and offer indirect protection.
Depending on which aspect to give a greater weight, theoretically optimal strategy can vary.

Several previous studies have shown that adults of older ages or with underlying comorbidities [5-7],
or health-care personnel [8—10] should be prioritized for COVID-19 vaccination to efficiently lower
the overall mortality and years of life lost from COVID-19. Other studies have shown that vaccination
against COVID-19 of younger essential workers or the implementation of COVID-19 transmission-
interrupting strategies would be superior to simply widening COVID-19 vaccination coverage among
the older adult population [11,12]. One study demonstrates that vaccine-rollout speed is crucial for
earlier suppression of the viral epidemic [13]. At the same time, the implementation of other public
health measures, i.e., public health and social measures (PHSM), has been considered essential [14,15],
especially when considering the emergence of more transmissible severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) variants of concern [16—18]. For realistic argument of the COVID-19
vaccination strategy, it has been vital to account for PHSM to be implemented during the course of
COVID-19 vaccination program [19,20]. Modeling approaches have differed vastly, and, at minimum,
a comparison between final size modeling and dynamic approach should be made.

Whereas our Part 1 study assumed that the COVID-19 vaccination was complete in the beginning
of an epidemic, and thus, the vaccination impact was dealt with as a problem of initial values and
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associated parameters, in fact, it is vital to account for the dynamic recruitment of susceptibles for
vaccination. In this Part 2 study, we aimed to compare single-dose and double-dose COVID-19
vaccination strategies using a dynamic epidemic model, i.e., an age-structured susceptible-infectious-
recovered (SIR) model. Accounting for the actual capacity of daily COVID-19 vaccination
administration in Japan and varying the length of PHSM, we aimed to identify the COVID-19 control
strategy that yields the minimum SARS-CoV-2 infection risk and associated death toll.

2. Materials and methods

2.1. Datasets underlying our model

The population of Japan was divided into 15 five-year age groups, with the oldest age group
composed of those aged 70 years or older. We derived the population data from the Statistics Bureau
of Japan records as of February 2021, as summarized in Supplementary Table 1.

We used the age-specific IFR for SARS-CoV-2 infection that was calculated in a study conducted
by Levin et al. [5] that systematically analyzed published estimates during the early COVID-19
pandemic period. Moreover, we used the age-dependent contact matrix and derived age-dependent
transmission model for COVID-19 as described elsewhere [21,22]. The contact matrix for COVID-19
during the spring period of the COVID-19 pandemic in 2020 before the implementation of PHSM [23],
which is available in the Part 1 study [1], was also used in the present study.

2.2. Data analysis procedures: Vaccine rollout strategies

Given the fixed capacity for COVID-19 immunizations per day, we compared the cumulative risks
of SARS-CoV-2 infection and associated deaths between single-dose and double-dose COVID-19
vaccination strategies. In the case where COVID-19 vaccination coverage is elevated as a function of
time, it is evident that all subjects eventually receive two doses of COVID-19 vaccine. We specifically
assessed the superiority of the following two COVID-19 vaccination strategies: (A) prioritizing single-
dose COVID-19 vaccination coverage in the population or (B) ensuring sufficient coverage of double-
dose COVID-19 vaccination among older adults. The estimated outcomes of these two COVID-19
vaccination plans were compared.

Strategy A, which aims to elevate single-dose COVID-19 vaccination coverage, follows four
steps: (i) older adults (aged 65 years or older) receive their first dose of COVID-19 vaccine, (ii)
younger adults aged 20—64 years of age receive their first dose of COVID-19 vaccine, (iii) older adults
receive their second dose of COVID-19 vaccine, and (iv) younger adults receive their second dose of
COVID-19 vaccine (Figure 1A). In strategy B, which prioritizes achieving double-dose COVID-19
vaccination coverage among older adults, two crucial steps are taken: (i) first, older adults receive both
their first and second doses of COVID-19 vaccine, 4 weeks apart, and (ii) subsequently, younger adults
receive their first and second doses of COVID-19 vaccine at the same dose interval (Figure 1B). In
both strategies, we assume that COVID-19 vaccination takes place at the rollout rate of a million doses
per day. The abovementioned steps are considered as completed when the within group vaccination
coverage reaches 100%.

While conducting COVID-19 vaccination, we also considered the contribution of PHSM, such as
the declaration of a state of emergency, to temporarily reducing the reproduction number. For simplicity,
we assumed that radical PHSM would be discontinued before the COVID-19 vaccination coverage
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reaches 100% of the population. In the absence of COVID-19 vaccination, we assumed that the
effective reproduction number, Rt, under PHSM was 1.1, whereas the Rt after PHSM was assumed to
be 2.5 [24,25]. Not necessarily continuing PHSM during COVID-19 vaccination, we also assumed that
the intervention was lifted at the end of step (ii) in strategy A and step (i) in strategy B.
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Figure 1. Two different vaccine rollout schedules at the rate of a million doses per day
(A) Strategy A prioritizes an elevation of first-dose COVID-19 vaccination coverage by
following these four steps: (i) older adults aged 65 years or older receive their first dose of
COVID-19 vaccine, (ii) younger adults aged 20—64 years old receive their first dose of
COVID-19 vaccine; (iii) older adults receive their second dose of COVID-19 vaccine, and
(iv) younger adults receive their second dose of COVID-19 vaccine. (B) Strategy B
prioritizes double-dose COVID-19 vaccination among older adults, proceeding with these
two steps: (i) older adults receive their first and second doses of COVID-19 vaccine, 4
weeks apart, and (ii) younger adults receive their two doses of COVID-19 vaccine at the
same dosage interval.
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2.3. Epidemiological model and parameters

We use an SIR model to describe the epidemic dynamics of age-dependent COVID-19
transmission, dividing the population into 15 subgroups. Contact matrix C is a 15%15 matrix with its
component Cjj denoting the relative frequency of a person in the age group j contacting a person in the
age group 7 per unit of time (i and j € [1, 15]). The contact was defined as the exchange of three
Japanese sentences or a physical touch on the skin. The contact matrix during the spring period of the
COVID-19 pandemic in 2020 was derived in the Part 1 study [1]. Dividing each component of the
contact matrix C by the eigenvalue p(C), the normalized contact matrix is obtained, and furthermore,
the matrix is multiplied by the effective reproduction number R;, the average number of secondary
infections generated by a single primary case. In our simulation, we assume the relative susceptibility
of individuals vaccinated with a single or double dose of COVID-19 vaccine, denoted by vs or vq, is
0.35 or 0.05, respectively (i.e., 65% or 95% protection from SARS-CoV-2 infection upon exposure).
The proportion individuals in an age subgroup i that has taken one or two doses of COVID-19 vaccine
are denoted by ¢; or 8;, respectively. The resulting relative susceptibility of each age subgroup i, as
denoted by i, can be calculated by

0, =—(1—¢; —0)+ (vs + 1 —v )1 —w))g;
+ (va+ 1 =v)(A—w))0;, (1)

where w; is age-dependent relative vaccine efficacy, which is set as 1 (full vaccine efficacy) if the
individual is younger than 60 years old, as 0.8333 if the individual is in the age interval [60, 69] years
old, and as 0.6667 if the individual is older than 70 years old (Table 1).

Letting Si(¢), 1i(¢), and R;(¢), respectively, be the susceptible, infectious, and recovered population
size of age group 1 at calendar time t, we set differential equations as follows:
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where y is the rate of recovery from COVID-19 per unit of time, which in this study is assumed to take
a constant value of 1/5 days (Table 1). That is, the duration of infectious period, 7, is assumed to be
described by an exponential distribution, f{t)= exp(-7/y)/y. Ni is the total population size of age group i
(i.e., Ni = Si(¢) + Li(¢) + Ri(?)). The effective reproduction number R(¢) was defined as

RtUiSi(t)Cij> _
- v | T t

p(C)N; @)

R(t):= p(

Midpoint of empirically reported basic reproduction number of COVID-19 has been 2.5, and when
PHSMs were in place, it was assumed that 56% decrease in the reproduction number is attained, and
thus, Rrat 1.1 [24,25, 26-30]. The initial size of infectious and recovered populations in each age group
(i.e., £i(0) and Ri(0)) were retrieved from the actual epidemiological data, i.e., empirical sum of the
daily incidence from May 8-12, 2021 and cumulative number of confirmed SARS-CoV-2 infections
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by May 12,2021 (see Supplementary Table S1). We set = 0 as the calendar time at which the COVID-
19 vaccination among older adults began. The parameters used in the equations are described in Table
1. We used Berkeley Madonna, version 10.2.8 (Robert Macey and George Oster, CA, USA), for solving
the differential equations.

Table 1. Parameter values used for calculating the cumulative risks of SARS-CoV-2
infection and death from COVID-19.

Parameter Value(s) Reference
Effective reproduction number (Ry) 1.1and 2.5 Assumed with

reference to
[24,25, 26-30]

Mean duration of infectious period in days (1/y) 5 [51]

Relative susceptibility after one dose of 35% Assumed with

vaccination (vs) reference to
[22,52]

Relative susceptibility after two doses of 5% [52]

vaccination (vq)

Age-dependent relative vaccine efficacy in 60-64 83.33%, 83.33%, and [6]

(we0), 65-69 (wss), and 70- (w70) 66.67%

Table 2. Calculated cumulative numbers of SARS-CoV-2 infections and deaths with
various combinations of COVID-19 vaccination strategies and PHSM.

Vaccination Duration of PHSM Cumulative number of  Death toll
strategy (during vaccination steps) infection
A (1) and (ii) 4,682,995 39,405
B (1) 69,856,699 695,295
A (1), (i1), (ii1), and (iv) 1,387,078 15,442
B (1) and (ii) 1,900,172 17,423

3. Results

For the application of COVID-19 vaccination strategy A, a total of 4,682,995 COVID-19 cases,
affecting 2,563,407 children, 1,617,240 young adults, and 502,348 older adults, eventually occurred,
resulting in a total of 39,405 deaths from COVID-19. The number of infectious individuals among the
population of young adults peak on day 40 of the COVID-19 vaccination strategy, four days after the
end of step (i) (Figure 2A). The number of infectious individuals then decreased until step (ii) was
complete on day 105 of the vaccination strategy, when PHSM were lifted and the effective reproduction
number was elevated from 1.1 to 2.5. The number of infectious young adults then increased again until
it reached another peak on day 176 of the vaccination strategy, in the middle of step (iv).

When COVID-19 vaccination strategy B was applied instead, a total of 69,856,699 COVID-19
cases, affecting 16,505,999 children, 45,264,967 young adults, and 8,085,733 older adults, eventually
occurred, resulting in a total of 695,295 deaths from COVID-19 (Figure 2B). The numbers of infectious
individuals among the young adult and older adult populations became extremely large when step (i)
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was complete and the PHSM were lifted on day 68 of the COVID-19 vaccination strategy. The size of
the infected population decreased thereafter.

000 I @

60000 - (A)
£ 50000 1 —— Infected Adults
"E 40000
30004 \ [/ \ Infected Elderly
E 20000 -+
¥ 10000 ",
0 : L T T T
0 100 200 300 400 500
day
10000000 |
g 8000000 (B]
E“ 6000000 ——Infected Adults
I e TR Infected Elderly
S 4000000
L]
& 2000000
D [ [ [
200 300 400 500
day

Figure 2. Epidemic curve in two vaccine strategies with limited PHSM duration. Infectious
individuals among the young adult and older adult populations (A) when vaccine rollout
strategy A was implemented in combination with the application of PHSM during steps (i)
and (ii), and (B) when vaccine rollout strategy B was implemented in combination with
the application of PHSM during step (i).

Assuming that PHSM were continued through the time when 100% of double-dose COVID-19
vaccination is achieved among both young and older adults, the application of strategy A yielded a
cumulative number of 1,387,078 COVID-19 cases, affecting 263,315 children, 928,518 young adults,
and 195,245 older adults (Figure 3A), in which the relative risks of SARS-CoV-2 infection and death
from COVID-19 were 29.6% and 39.4%, respectively, compared with the application of strategy A
with PHSM of limited duration (Figure 2A).

For the application of strategy B with an extended period of PHSM, there would be a total of
1,900,172 COVID-19 cases, affecting 377,107 children, 1,315,927 young adults, and 207,138 older
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adults (Figure 3B); these figures are only 2.7% of those predicted for the application of this vaccination
strategy with PHSM of limited duration (Figure 2B). This alternate plan would lead to a total death
toll from COVID-19 of 17,423 persons, which is only 2.5% of that predicted for the use of strategy B
with PHSM of limited duration (Figure 2B).
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Figure 3. Epidemic curve in two prioritization strategies under public health and social
measures (PHSM) for the entire period of time. Numbers of infectious individuals among
young and older adults. (A) When COVID-19 vaccine rollout strategy A was implemented
in combination with PHSM for the entire period of time, and (B) when vaccine rollout
strategy B was implemented with an extended period of PHSM.

4. Discussion

The present study investigated the age-dependent transmission dynamics of COVID-19,
comparing two different policies in prioritizing COVID-19 vaccination, i.e., single- vs double-dose.
Given a fixed realistic value of the rate at which susceptible individuals will receive a dose of COVID-
19 vaccine (i.e., 1 million persons per day), the dynamic model revealed that taking the single-dose
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COVID-19 vaccination strategy would lead to lower cumulative risks of SARS-CoV-2 infection and
death from COVID-19 compared with implementing the double-dose vaccination strategy. Of note,
combining COVID-19 vaccination and PHSM was considered to be essential, and extending the PHSM
for the entire period of COVID-19 vaccination was deemed critical to avoid excessive numbers of
COVID-19 cases and deaths.

There are two important take-home messages from the present study. First, expediting single-dose
COVID-19 vaccination both among young and older adults, while temporarily delaying the second
dose of COVID-19 vaccine, helped to minimize the risks of both SARS-CoV-2 infection and death
from COVID-19. Several published studies, including our Part 1 study, showed that prioritizing
COVID-19 vaccinations for older adults aged over 60 years will more efficiently reduce COVID-19
mortality and years of life lost compared with other COVID-19 vaccination strategies because of the
high IFR for COVID-19 among older adults [5,6]; thus, the present study results may be regarded as
counterintuitive. What we have seen as the difference between our Part 1 and Part 2 studies is that the
parameter settings were static in the Part 1 study, so that the final size equation can be used, whereas
the Part 2 study allowed not only parameters but also even SIR states to dynamically vary over the
course of time. The reason why the Part 2 study indicated the single-dose COVID-19 vaccination
strategy as more efficient, in contrast to the findings of the Part 1 study can be explained as follows:
(1) the COVID-19 epidemic was growing over the course of time, and there was a competition between
COVID-19 vaccination and spread of SARS-CoV-2 infection, (ii) single-dose COVID-19 vaccination
helps to strengthen indirect protection, while double-dose COVID-19 vaccination is intended to ensure
the protection of vulnerable people from death, and (iii) given the realistic rollout rate of COVID-19
vaccination in Japan in comparison with the assumed reproduction number of COVID-19, the disease
transmission blocking option, i.e., single-dose vaccination strategy, was favored to reduce the risks of
SARS-CoV-2 infection and death from COVID-19. However, the difference in the expected number
of deaths from COVID-19 in the presence of PHSM was less than 2000. Whether to delay the second
dose of COVID-19 vaccination in a situation with a limited supply of COVID-19 vaccine was
discussed previously [31-33]. While a published simulation study found that the delay of a second dose
of COVID-19 vaccine may not contribute to a clear advantage unless the efficacy of the first dose of
COVID-19 vaccine does not wane at all over time [34], our model with specific parameters for Japan
showed that delaying the second dose of COVID-19 was slightly beneficial.

Second, it must be noted that vaccination alone was insufficient to suppress the COVID-19
epidemic in Japan, even provided that vaccinating one million persons per day was achieved. PHSM
were necessary to minimize the size of the SARS-CoV-2-infected population and the death toll from
COVID-19 until the nation gained substantial protection from herd immunity [15,35-39]. In Figure 2,
earlier wave started to decrease due mainly to PHSM, while second wave (later wave) declined due to
increased coverage of vaccination. It should be noted that our Part 1 study, which indicated that the
double-dose COVID-19 vaccination strategy would be favored, did not account for PHSM at all and
must have had to assume that COVID-19 vaccination was complete by the beginning of an epidemic.
What we have since learnt from more realistic modeling is that combining pharmaceutical and non-
pharmaceutical approaches will be deemed vital for avoiding tragic COVID-19 epidemic outcomes.

As of June 17, 2021, the speed of the COVID-19 vaccine rollout was limited in Japan; only
600,000 doses per day, at most, were administered [40]. Nonetheless, Japan faced a dilemma about
whether to host the Tokyo Olympic Games beginning in late July, while the Delta variant of SARS-
CoV-2 was certainly replacing the less transmissible Alpha variant of SARS-CoV-2 [41-48]. The public
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opinion that hosting the Olympic Games was not realistic gradually grew when the daily incidence of
COVID-19 was reported to be 1,500 cases, even in the middle of a state of emergency being declared
in nine prefectures, including four metropolitan cities [49]. The application of more intense social
interventions, such as a lockdown, was argued to be required. The COVID-19 vaccination rollout was
then politically accelerated to achieve the completion of at least partial protection from COVID-19
before the beginning of the Tokyo Olympic Games, aiming to offer double-dose COVID-19
vaccination among older adults by that time. Besides, as we have shown here, a COVID-19 vaccination
rollout alone appeared not to be sufficient to halt the transmission of COVID-19, and this was
particularly relevant in light of the time delay between COVID-19 vaccination and subsequent
protection via herd immunity [15,35].

There are several limitations in this study. First, as we performed the modeling analysis, we did
not consider the time gap between receiving COVID-19 vaccination and achieving the SARS-CoV-2-
specific antibody titers necessary to reach a protective level [50]. Ideally, allowing a time delay of
approximately 14 days to build up immune protection in each vaccinated individual would have led to
more realistic simulations. Second, the death toll from COVID-19 was simply calculated as the product
of the final size of the SARS-CoV-2-infected population and the age-specific IFR. This is considered
as a limitation because the number of individuals who died should have been removed from the
population, potentially yielding a greater number of COVID-19 cases than what we have shown here.
Third, for simplicity, the impact of having a SARS-CoV-2 variant of concern was not explicitly taken
into account, while in reality the Alpha and Delta variants of SARS-CoV-2 were the dominant strains
shortly before the Tokyo Olympic Games [26]. Fourth, the effective reproduction number was fixed at
a value of 1.1 during the implementation of PHSM and at a value of 2.5 otherwise [24,25] in a simple
manner. If the reproduction number was far more elevated, the double-dose vaccination strategy could
have been superior to the single-dose vaccination strategy. Nonetheless, we believe that our simulation
at least offers a theoretical approach to determining the preferred COVID-19 vaccination strategy that
could minimize the cumulative risks of SARS-CoV-2 infection and death from COVID-19.

5. Conclusions

While static modelling (e.g. the model with static parameters that used final size equation)
suggested double dose as optimal, interestingly, real-time investigation favored the disease
transmission blocking option, i.e., single-dose vaccination strategy. Expediting single-dose COVID-
19 vaccination among young and older adults would yield smaller risks of SARS-CoV-2 infection and
death from COVID-19. During the COVID-19 vaccine rollout, combining PHSM with vaccination
was considered to be essential, especially by the time the second dose of COVID-19 vaccine is
delivered to both young and older adults. Applying the single-dose-first strategy should yield a smaller
epidemic size than applying the double-dose strategy; however, for both strategies, PHSM will be
essential by the time second-dose COVID-19 vaccination is complete among all adults.
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Supplementary

Supplementary Table 1. Initial values of infectious and recovered individuals.

Age group Initial size of infected Initial size of recovered
population of age 7, ;(0) population of age i, Ri(0)

04@G=1) 966 2960.5

5-9(@{=2) 966 2960.5

10-14 (i=3) 2035.5 7603

1520 (i=4) 2035.5 7603

2124 (i=5) 5548 29173

25-29 (i=16) 5548 29173

30-34(i=17) 3794 19716

35-39 (i=38) 3794 19716

4044 (i =9) 4183.5 18367.5

4549 (i=10) 4183.5 18367.5

50-54 (i=11) 3924 16672

55-59 (i=12) 3924 16672

60-64 (i=13) 2857.5 10714

65-69 (i=14)  2857.5 10714

70— (i =15) 11464 35864

Ri(0) was derived from the cumulative number of confirmed COVID-19 cases. As the empirical
data [53] were described for 10-year age groups, we rearranged those values into 5-year age
groups by dividing the observed value by 2. [i(0) was calculated as the sum of observed daily
COVID-19 incidence for 5 days, taking the sum from May 8-12, 2021. We ignored under-
ascertainment of COVID-19 cases for the determination of those initial values.
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