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Summary

Background In Japan, vaccination against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was initi-
ated on 17 February 2021, mainly using messenger RNA vaccines and prioritizing health care professionals.
Whereas nationwide vaccination alleviated the coronavirus disease 2019 (COVID-19)-related burden, the population
impact has yet to be quantified in Japan. We aimed to estimate the numbers of COVID-19 cases and deaths pre-
vented that were attributable to the reduced risk among vaccinated individuals via a statistical modeling framework.

Methods We analyzed confirmed cases registered in the Health Center Real-time Information-sharing System on
COVID-19 (3 March—30 November 2021) and publicly reported COVID-19-related deaths (24 March—30 November
2021). The vaccination coverage over this time course, classified by age and sex, was extracted from vaccine registra-
tion systems. The total numbers of prevented cases and deaths were calculated by multiplying the daily risk differen-
ces between unvaccinated and vaccinated individuals by the population size of vaccinated individuals.

Findings For both cases and deaths, the averted numbers were estimated to be the highest among individuals aged
65 years and older. In total, we estimated that 564,596 (95% confidence interval: 477,020—657,525) COVID-19 cases
and 18,622 (95% confidence interval: 6522—33,762) deaths associated with SARS-CoV-2 infection were prevented
owing to vaccination during the analysis period (i.e., fifth epidemic wave, caused mainly by the Delta variant).
Female individuals were more likely to be protected from infection following vaccination than male individuals
whereas more deaths were prevented in male than in female individuals.

Interpretation The vaccination program in Japan led to substantial reductions in the numbers of COVID-19 cases
and deaths (33% and 67%, respectively). The preventive effect will be further amplified during future pandemic
waves caused by variants with shared antigenicity.
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Introduction

Shortly after the emergence of severe acute respiratory
syndrome coronavirus 2 (SARS- CoV-2), which causes
coronavirus disease 2019 (COVID-19), the main
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interventions in 2020 were non-pharmaceutical, which
are presently referred to as public health and social
measures (PHSM). PHSM range from social distancing
at a local level to widespread restrictions, such as lock-
down policies, and have contributed to reducing virus
transmission and buying time. However, these restric-
tions have curbed people’s freedom and the adverse
impact on social and economic activities has been sub-
stantial.”? In this regard, vaccination has been a key
player in epidemic control programs. The vaccine roll-
out against COVID-19 was launched in December
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Research in context

Evidence before this study

The population impact of vaccination is principally evalu-
ated by measuring direct and indirect effectiveness. Direct
effectiveness is based on a comparison of risk between
vaccinated and unvaccinated individuals whereas indirect
effectiveness is focused on measures of reduced opportu-
nities for infection owing to vaccination programs and
reduced transmissibility among vaccinated individuals.
When evaluating the unprecedented mass vaccination
against coronavirus disease 2019 (COVID-19), it is vital to
explore the direct effectiveness of vaccination such that
the reduced risk of infection and death owing to the vacci-
nation program can be objectively determined. We
searched PubMed for research articles written in English
from January 2020 to 18 March 2022 using the following
keywords: ("SARS-CoV-2'[title] OR "COVID-19"[title]) AND
("direct effect*"[title] OR "averted"[title] OR "prevented"[ti-
tle]) AND ("vaccination"[title]) AND ("mass" OR "campaign*"
OR "program*") AND ("cases" OR "infections" OR "deaths").
Our search revealed eight published articles. Most studies
(n = 7) investigated the number of COVID-19 cases, hospi-
talizations, and deaths averted by COVID-19 vaccination; of
these, five evaluated the impact of vaccination in the pres-
ence of the Delta variant (B.1.617) of severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2). The estimated
values varied across regions and countries and depended
on the size of the epidemic. A common finding was that
the benefit of vaccination, especially of the first and second
doses, was substantial. Other than studies in European
countries and the United States, there has only been one
related study in Israel and no relevant research has been
published from the Western Pacific region. The present
study is the first to report the number of COVID-19 cases
and deaths averted owing to the vaccination program in
Japan, as of 18 March 2022.

Added value of this study

Before widespread circulation of the Omicron (B.1.529)
variant of SARS-CoV-2, many countries in the Western
Pacific region experienced lower epidemic levels of
COVID-19 infections than Western countries. To the
best of our knowledge, the present study is the first to
estimate the numbers of averted cases of SARS-CoV-2
infection and averted COVID-19-related deaths consid-
ered to be attributable to the mass vaccination program
in Japan, a Western Pacific country that achieved two-
dose vaccination coverage of 82% as of 18 March 2022.
Using the national database of COVID-19 patients and
publicly available information on the causes of death,
we estimated that mass vaccination contributed to
reducing the number of cases and deaths by 33% and
67%, respectively, from March to November 2021. Such
substantial reductions were observed during sequential
epidemic waves mainly caused by the Alpha (B.1.1.7)
and Delta (B.1.617) variants. When analyzing estimates
by age group, people aged 65 years and older benefit-
ted more from vaccination than younger individuals.

Implications of all the available evidence

Many countries in the Western Pacific region experi-
enced relatively lower epidemic levels than Western
countries. Using readily available datasets such as vacci-
nation coverage and surveillance records of cases strati-
fied by age, sex, and vaccination history, we showed
that a substantial reduction in the risk of infection and
death can be objectively demonstrated in Japan. High
coverage of mRNA vaccination (with BNT162b2 [Pfizer/
BioNTech] and mRNA-1273 [Moderna] vaccines) led to
substantial direct effects, preventing 560,000 cases and
19,000 deaths owing to COVID-19. Quantifying the
direct effectiveness of vaccination can provide critical
insights in the evaluation of vaccination programs as a
whole, and similar methods may be applied to other
country settings. In the present study, we mainly evalu-
ated the fifth epidemic wave in Japan, caused by the
Delta variant. The population impact of vaccination
would be expected to be further amplified as the pan-
demic continues. Western Pacific countries can explore
future epidemic waves by using the proposed frame-
work, additionally accounting for the effect of booster
immunization, waning immunity, and infections and
deaths caused by an antigenically distinct variant with a
different virulence level.

2020, mainly in high-income countries. Soon after,
effects of COVID-19 vaccines such as a reduction in the
number of cases, hospitalizations, and deaths, were evi-
dent in many countries, including Israel and the United
Kingdom, among the first countries in the world to start
mass vaccination.*> A common strategy of vaccine roll-
out was that health care professionals were prioritized,
followed by individuals aged 65 years and older and
those with underlying comorbidities. Subsequently, vac-
cination programs began to allocate vaccines to younger
and healthy people.®” This particular approach was
taken because a primary focus of mass vaccination pro-
grams in many countries has been to prevent cases of
COVID-19 from becoming severe and to minimize the
disease burden on health care systems more so than to
prevent the spread of COVID-19.”

Whereas early evaluation of vaccination programs
took place in Western countries where the incidence
level was substantial, this was not the case in many
countries belonging to the Western Pacific region that
successfully maintained lower epidemic levels during
the early period of the COVID-19 pandemic. As one of
these countries, Japan maintained an incidence level
lower than those of many European countries and the
United States.® Even so, Japan experienced five large
epidemic surges of SARS-CoV-2 infection between Jan-
uary 2020 and November 2021 involving more than 1-
7 million cases and 18,000 deaths.” During this period,
Japan used key PHSM to control the spread of COVID-
19 based principally on voluntary restriction of contact,
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which was requested by the government but was not
legally binding."” Whereas such countermeasures
against COVID-19 greatly reduced virus transmission,
the emergence of SARS-CoV-2 variants of concern,
including the Alpha (B.1.529) and Delta (B.1.617) var-
iants with elevated transmissibility compared with wild-
type, has proven challenging. The fifth wave in July
—September 2021 was mainly caused by the Delta vari-
ant, and the number of cases in August 2021 was the
highest recorded since the start of the pandemic
(Figure 1A). Regarding vaccination rollout, Japan
launched a vaccination program, initially prioritizing
health care professionals, from 17 February 2021." A
mass vaccination program then began on 12 April 2021,
giving priority to those aged 65 years and older, people
with pre-existing medical conditions, and workers in
nursing homes.” From around the middle of June
2021, when vaccination coverage with the first dose
among older people had reached approximately 50%,
the program targets gradually and sequentially shifted

30000

to younger age groups, although the speed of vaccina-
tion was dependent on local governments (Figure 1A).”
Initially, the targets of the vaccination program were
individuals aged 16 years and older. However, the mes-
senger RNA (mRNA) vaccine BNT162b2 (Pfizer/BioN-
Tech) was approved for use in those aged > 12 years on
I June 2021; later, the mRNA-1273 (Moderna) vaccine
was approved for those aged 12—15 years."* To boost vac-
cination coverage, the Japanese government initiated
the “vaccination in the workplace” program on 21 June
2021." The program invited large companies, initially
restricted to those with more than 1ooo workers, as
well as universities and colleges, to vaccinate employees
and students internally. By the end of November 2021,
approximately 75% of the Japanese population had been
vaccinated with the first dose of a COVID-19 vaccine,
predominantly with the mRNA vaccine BNT162b2
(Pfizer/BioNTech) (83-2% of vaccinated individuals),
followed by the mRNA-1273 (Moderna) vaccine (16-7%
of vaccinated individuals). >
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Figure 1. Epidemiological overview in Japan. (A) Confirmed cases of SARS-CoV-2 infection from 3 March to 30 November 2021 by
age group (> 14 years) are shown (left-hand side vertical axis). The coverage of first dose vaccination is shown as a black line (right-
hand side vertical axis). Dashed lines represent launch dates of the vaccination program, initially prioritizing those aged 65 years
and older and the vaccination in the workplace program. Shaded areas highlighted in yellow represent the second, third, and fourth
states of emergency, which were declared from 8 January to 21 March, from 25 April to 20 June, and from 12 July to 30 September
2021, respectively. (B) Timeline of the declarations of the state of emergency during the period of analysis. Each state of emergency

period corresponds to the area highlighted in yellow in (A).
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Vaccination programs have been evaluated in two
ways, at the individual level and at the population
level. With regard to the former, epidemiological
studies in Israel have estimated that the BNT162b2
vaccine had 70%—9o% effectiveness against infec-
tion, asymptomatic infection, COVID-19-related hos-
pitalization, and death. These studies partially
involved the Alpha variant.>" Similar studies from
the United Kingdom and the United States during
the period when the Alpha variant was dominant in
those countries have shown the high effectiveness of
COVID-19 vaccines, particularly BNT162b2, which
was estimated to be at least 80%.'*'9 Although the
vaccine's effectiveness against the Delta variant
appeared to be lower than that against the Alpha var-
iant, the effectiveness of two doses was estimated
to be at least around 80% and 60% for the
BNT162b2 and ChAdOx1 (Oxford/AstraZeneca) vac-
cines, respectively.*®*" Assessment of the population
impact—the latter evaluation—was initially reported
from Israel in September 2021, in which researchers
calculated the averted number of infections, hospital-
izations, and deaths related to COVID-19 owing to
vaccination. The number of cases in Israel was
reduced by one-third during the large epidemic wave
between August and September 2021, and this
reduction was attributed to mass vaccination.** Other
studies showed that more than 445,000 cases and
22,000 deaths from January to September 2021 and
approximately 470,000 deaths from December 2020
to November 2021 were prevented owing to COVID-
19 vaccination in Italy and in the World Health
Organization European region, respectively.”***
Additionally, other studies from the United States
reported substantial numbers of averted cases, hospi-
talizations, and deaths related to COVID-19.%5*°.
However, evaluation of vaccination programs has yet
to be reported from Western Pacific countries, where
the incidence continued to remain low, especially
during the period when the Delta variant was domi-
nant. Therefore, quantifying the averted burden
resulting from vaccination programs is critical to
assessing vaccination policy in countries belonging
to this region.

Since the beginning of the vaccination program in
Japan, recording the daily number of vaccinated indi-
viduals in the registration system and surveillance
data was mandated, and physicians were required to
report the vaccination history of confirmed cases
along with their age and sex. Here, we estimate the
number of prevented COVID-19 cases and deaths
that are attributable to the reduced risk of infection
and death among vaccinated individuals. We used a
simple statistical model based on the difference in
risk between unvaccinated and vaccinated people,
identifying host groups that experienced greater ben-
efits than others.

Methods

Vaccination data

Vaccination coverage data were retrieved from two regis-
tration systems—the Vaccination Record System (VRS)
and the Vaccination System (V-SYS); the former regis-
ters vaccination by age and the latter records the doses
of vaccine distributed from central to local governments.
Both data are aggregated as nationwide information. In
general, people were registered in the VRS after they
participated in the standard mass vaccination program.
However, there could be a delay in reporting in real-
time, and the number of vaccinated people was accumu-
lated according to the date of reporting (the number of
vaccinated individuals in the VRS was inconsistently
reported, usually on weekdays). After integrating all vac-
cinated individuals registered in the VRS and V-SYS, we
added 14 days to the date of vaccination to obtain the
proportions of immunized people on certain days by
age and sex. That is, we assumed that the vaccine was
not effective after the first dose for the first 14 days, but
that then there was an abrupt increase in vaccine-
induced immunity. To integrate datasets from two inde-
pendent systems of vaccination record, vaccinated peo-
ple were divided into six different age groups: 15—24, 25
=34, 35—44, 45—54, 55—04, and > G5 years. People
aged 12—14 years were included in the vaccination pro-
gram, but they received the vaccine at the end of the pro-
gram and vaccination coverage was far lower than for
other age groups. Thus, for our analysis, we focused on
those aged 15 years and older. Because prioritized vacci-
nation for health care professionals was launched on 17
February 2021 in Japan, the dataset of immunized peo-
ple was available 14 days later, that is, from 3 March
2021. The age-specific time-varying vaccination cover-
ages by sex for people who were at least partially vacci-
nated or fully vaccinated are shown in Figure 2.

Daily incidence data

As of 30 November 2021, COVID-19 has been desig-
nated as an infectious disease requiring special atten-
tion in Japan. All individuals with suspected infection
must be tested using PCR at a medical facility, followed
by testing of their close contacts and movement restric-
tion. Subsequently, all confirmed cases of COVID-19
are registered in the Health Center Real-time Informa-
tion-sharing System on COVID-19 (HER-SYS) by health
care facilities or local health centers in Japan, along
with information on age, sex, date of onset, and vaccina-
tion status. After the data were de-identified and aggre-
gated nationally, we analyzed confirmed cases reported
from 3 March to 30 November 2021, the period corre-
sponding to the observation period of vaccination roll-
out, and all confirmed cases were divided into the six
age groups above. Approximately 8% of confirmed cases
did not have information about vaccination status;
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Figure 2. Estimated vaccination coverage among at least partially vaccinated and fully vaccinated people by sex. Vaccination
coverage among at least partially vaccinated individuals by age group (> 14 years) from 3 March to 30 November 2021 for male (a)
and female (b) individuals is shown. Additionally, vaccination coverage among fully vaccinated individuals by age group (> 14 years)
from 3 March to 25 September 2021 for male (c) and female (d) individuals is shown. It is noted that all values take into account the

delay in build-up of immunity.

therefore, we allocated these cases to either unvaccinated,
partly vaccinated (only first dose), or fully vaccinated accord-
ing to the distribution of vaccine status by age and sex, and
the vaccination date registered in the HER-SYS, ie.,

C,i,a,b(t) = Ci,a,b(t) + Ciasl

mcunknown,a,b(t)

where ¢/;, ; is the reconstructed daily number of cases and
Cig b 18 the daily number of confirmed cases or deaths in
age group a of sex b, with vaccination status i, i.e., unvacci-
nated (i = o), partly vaccinated (only first dose; i = 1), or fully
vaccinated (i = 2). That is, a small number of cases without
a known history of vaccination was proportionally distrib-
uted. COVID-19-related deaths have not been consistently
registered in the HER-SYS; thus, we used death records
available in the integrated data by the national broadcasting
corporation.”” Accounting for a reporting delay for each
death, the dataset between 24 March and 30 November
2021 was used. Although the data for deceased cases were
collected according to the date of death, the fifth wave of
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COVID-19 infections was nearly over by October. Thus, we
believe that the impact on analysis owing to a reporting
delay between infection and death, attributed to the infec-
tions in November, was minimal.

Estimation of the number of prevented cases and
deaths

Using the abovementioned sets of information, the daily

incidence (risk) among unvaccinated people (T ypyac.ab)

and those who were at least partially vaccinated ('~ 1
dose, a, b) in age group a of sex b is expressed as:

Fumacan(t) = Coanl’)
unvacd, Na b — N bv> 1 dose, a,b(t)
_Gap® 16 o)
Na.bvz 1 dose, a,b(t)

?z 1 dose, a.b(t)
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where ¢;, j is the reconstructed daily number of con-
firmed cases or deaths in age group a of sex b, with vac-
cination status i, i.e., unvaccinated (i = o), partly
vaccinated (only first dose; i = 1), or fully vaccinated
(i = 2). V> 1 dose, o, b TEPTesents the vaccination coverage
of people who received at least one dose in age group a
of sex b. N, is the population size of age group a of sex
b as of 1 January 2021 in Japan.>® We then estimated h,,
» the daily number of averted cases or deaths in age
group a of sex b, given that at least partial vaccination
had been received during the analysis period, as

haAb (t) = NaAszr dose,a,b (t) (funvacab (t) - f.ZI dose, a,b (t))

(2)

As mentioned earlier, the analysis periods started
from 3 March 2021 for averted cases and 24 March for
averted deaths, respectively, but the endpoints for both
periods were 30 November 2021. We estimated the daily
incidence differences, measuring the risk reduction
directly attributable to the vaccination program, and
subsequently, the total number of averted cases or
deaths, as

30 Nov 2021

hab(t).

t=3 or 24 Mar 2021

(3)

We also estimated the vaccination coverage for fully
vaccinated people (v, gose) by shifting the one-dose curve
right by 14 days; that is, a 21-day gap between the first
and second doses minus 7 days of delay required to
build up immunity after receiving two-dose vaccination.
Using the daily incidence for people who were fully vac-
cinated (¢,, 4, b/NapVa dose, a, b), We then estimated the
number of prevented cases and deaths among fully vac-
cinated people. The 95% confidence intervals (CIs) of
the averted number of cases and deaths were calculated
based on the uncertainty of the risk difference between
unvaccinated and vaccinated. We assumed that those
cases and deaths were sufficiently captured by binomial
distribution:

E(dijajb(t)> ~B(n,p), (4)

where n stands for the denominator of the incidence (r
in Eq. 1) and p is the probability interpreted as r in the
present study. We calculated the 95% CIs of prevented
burdens using 1000 bootstrap iterations. It should
noted that the computed uncertainty bounds does not
account for serial dependence structure and thus may
be conservative.

Role of the funding source

The funders of the present study had no role in study
design, data analysis, data interpretation, or writing of
the manuscript.

Ethical considerations

The conduct of this study adhered to the principles of
the Declaration of Helsinki, and the research was
approved by the Ethics Review Committee of Kyoto Uni-
versity (approval number R2673).

Results

As of 30 November 2021, the vaccination coverage
among male individuals who were at least partially vac-
cinated was estimated to be 77-0%, 77-2%, 79:4%, 87-
8%, 88-9%, and 94-2% among those aged 15—24, 25
—34, 35—44, 45—54, 55—64, and > G5 years, respectively
(Figure 2A). By contrast, the vaccination coverage
among female individuals who were at least partially
vaccinated was estimated to be 81-8%, 81-3%, 83-4%,
91-4%, 91-0%, and 94-3% among those aged 15—24, 25
—34, 35—44, 45—54, 55—64, and > 65 years, respectively
(Figure 2B). Earlier elevated vaccination coverage
among those aged > 65 years, in both male and female
individuals, could be observed (Figure 2). The subse-
quent increase in vaccination coverage among younger
people is evident from July 2021.

As a function of calendar month, the median daily
incidence differences for confirmed cases of SARS-CoV-
2 and COVID-19-related deaths per one million in each
age group and sex stratum between unvaccinated and at
least partially vaccinated individuals are shown in
Table 1. Because the epidemic size of the fifth wave was
at a record high level in August 2021, the estimated inci-
dence differences in cases were estimated to be highest
around that time. By contrast, the estimates of death
risk differences were more evident in September, per-
haps owing to a delay from diagnosis to death. Simi-
larly, median daily incidence differences between
unvaccinated and fully vaccinated individuals are shown
in Table S1. Because most people vaccinated with one
dose received a second dose of vaccine, the estimates in
Table St only differed slightly from those in Table 1.
The relationship of the daily incidence difference
between unvaccinated and vaccinated individuals with
COVID-19 cases over the study period by age group is
illustrated in Figure S1.

The averted number of COVID-19 cases for the
entire observation period was estimated to be 271,300
(95% CI: 230,194—314,632) and 293,297 (95% CI:
246,826—342,892) cases in male and female individu-
als, respectively. Moreover, we estimated that 10,938
(95% CI: 4174—19,334) male deaths and 7684 (95% CI:
2348—14,428) female deaths were prevented owing to
the vaccination program. Figure 3 shows the age-spe-
cific cumulative number of averted cases and deaths by
sex among at least partially vaccinated people. For both
cases and deaths, the estimates of prevented counts
were highest among older people. By 30 November
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Age group

Overall analysis

Monthly analysis in 2021

March

April

May

June

July

August

September

October

November

Cases infected with SARS-CoV-2

Male
15—-24
25-34
35—44
45—54
55—64
> 65
>15

Female
15—-24
25-34
35-44
45—54
55—64
> 65
>15

39-15(15-28—90-75)
37-85(16-6—85-38)
26-29 (10-98—59-26)
21-47 (10-18—49-15)
16-29 (7-6—40-2)
12-1(6-09—29-76)
23-96 (9-7—60-98)

35.14(13-82—80-18)
32-8(14-48—72-81)
1879 (8-73—42-48)
18-46 (9-31-41.77)
1424 (7-11-33.3)
10-9 (5-57—28-39)
20-29 (8-55—51-82)

Deaths related to COVID-19

Male
15—-24
25-34
35—-44
45—54
55—64
> 65
>15

Female
15—-24
25-34
35-44
45—54
55—-64
> 65
>15

0(0—-0)

0(0—-0)

0(0—0)
0(0-0:32)
0-21(0—0-82)
1-8 (0-66—3-86)
0(0—0-4)

0(0—-0)
0(0—-0)
0(0—-0)
0(0—-0)
0(0—-0)
1:17 (0-41-2-42)
0(0—-0)

19-97 (12-88—31-89)
1736 (12:5—23.98)
11-95 (9-15—16-95)
11-29 (8:55—15-1)
9.76 (7-55—13.29)
9.57 (7-52—11-18)
11.98 (8-9—17-62)

16-48 (11-55—25-32)
15-19(12-:01-20-58)
8-99 (6:97—11.77)
9-31(7-14-12.05)
8:15 (6-46—10-5)
8-71(7-28—9-95)
10-01 (7-5—14-5)

0(0-0)

0(0-0)

0(0—0)

0(0-0)
0(0-0:13)

1-09 (0-84—1-35)
0(0-0-12)

0(0-0)
0(0—-0)
0(0—-0)
0(0-0)
0(0-0)
0-54 (0-4—0-74)
0(0-0)

64-56 (47-71—83-24)
56-8 (42:06—71-07)

3809 (26-77—48-54)
3336 (23-44—42-85)
26-35(18-84—37-82)
17-39 (12:62—23-56)
35.08 (21-4—52-99)

55-67 (29-06—67-91)
45.27 (33-48—58.78)
26-82(19-01—-35-94)
27-77 (18-95—37-08)
20-78 (13-14-27-74)
16-11 (10-66—22-81)
27-1(17-02—41-96)

0(0-0)
0(0-0)
0(0—-0)
0(0-0-11)

0-13 (0—0-39)
0-9(0-51-1-48)
0(0—0-25)

0(0-0)

0(0-0)

0(0-0)

0(0-0)
0(0-0-13)

0-69 (0-45—0-99)
0(0-0)

69:09 (56-25—99-9)

60-42 (48-05—82-53)
46-26 (35-31—55-36)
36-11 (24-76—48-64)
28-21(17-71-38-54)
17-07 (8-48—24-93)

40-19 (23-04—58-59)

59-44 (46-68—81-94)
5356 (41-26—73-11)
32:41(25-11-41.57)
31-33(22-27-39-58)
24-88 (18-29-32)

17-8(12-:2—22-89)

32.56 (21-46—48-27)

0(0-0)

0(0-0)

0(0-0)

0-11 (0-0-32)
0-4 (0-13—0-66)
2.73(2:07-3:5)
0(0—-0-53)

0(0-0)
0(0-0)
0(0-0)
0(0-0)
0(0-0)
1-69 (1.2—2-22)
0(0-0)

29-53 (24-5—34-65)
27(20-8—32:11)
20-14 (14-76—24-06)
15-52 (11-66—18-95)
11.73 (7-12—14-36)
5.95(4-32-7-67)
16-62 (9-09—25-55)

26-58 (20-8—32-57)
23-12(18:59—27-89)
13:17 (9-95—16-48)
11-64 (9-44—14-33)
9-5(6-95—-12-32)
5-16 (3-26—6-93)
12-66 (7-88—21-02)

0(0-0)

0(0-0)

0(0—0)
0(0-0:-11)

0-27 (0—0-54)
1.93 (1-07-2-86)
0(0—-0-27)

0(0—0)
0(0-0)
0(0-0)
0(0—-0)
0(0—0)
1-36 (0-89—1-83)
0(0-0)

64-19 (35-34—109-35)
60-37 (38-49—112.93)
3877 (25-23—-68-49)
28-83 (17-62—53-49)
16-41 (10-55—27-68)
10-97 (7-37—18-81)
3326 (15-49—65-55)

64-35 (37-47—100-71)
53.25 (33-62—92.29)
25-27 (14-83—43-6)
21-01 (15-16—39-84)
13-69 (9-13—24-04)
8-69 (5:93—16-99)
2738 (12:91-55-1)

0(0—-0)

0(0—-0)

0(0—0)

0(0—-0)
0(0—-0-17)

0-92 (0-39—1-53)
0(0—-0-13)

0(0—-0)
0(0-0)
0(0-0)
0(0—-0)
0(0—-0)
0-61(0-2—1-12)
0(0—-0)

410-51 (296-64—535-75)
394.13 (304-65—510-42)
267-19 (187-89—311-03)
213.76 (145-17—256-23)
151.06 (94—189-65)
143.96 (78-75—182.05)
218-13 (147-93—341-63)

379-88 (307-38—472-45)
326-06 (271-35—404-47)
193-19 (141-36—234.95)
192-48 (125-92—-236-09)
130-58 (83-61—167-47)

132-08 (78-63—173-86)

188-77 (129-26—285-71)

0(0-0)

0(0-0)
0(0-0:19)

0-17 (0—0-48)
0-44 (0-1-07)
3.55 (1-54—6-54)
0-14 (0—0-63)

0(0—0)
0(0—-0)
0(0—-0)
0(0—-0)
0(0—0:31)
2(0-89—3-88)
0(0-0:-19)

89-42 (45-8—177-1)
106 (49-27—177-54)
73-25(37-32—-119:33)
71-21(37-74—-114.75)
58-56 (35-22—103-17)
62-49 (33-:2—114-13)
72-94 (39:37—131-15)

90-81 (45—173-3)
85-62 (45-43—153.64)
59-94 (30-75—104-24)
64-44 (36:44—110-07)
61-98 (27-95—96-99)
58-17 (34-12—-92.57)
67-75 (37-09—114-2)

0(0—-0)

0(0—-0)

0(0—0-38)

0-74 (0-29—1-34)
2-54 (1-54—3-69)
10-23 (6-52—15-32)
0-34 (0—2-52)

0(0—0)

0(0—-0)

0(0—-0)
0(0—0-29)
0-51(0—1-63)
5-2(3:13-8-29)
0(0—-0:91)

12-41 (7-44—18-62)
13-18 (8-74—20-8)
9-75 (5-49—16-82)
10-31 (6-37—14-85)
7-78 (3-45—12-66)
10-91 (6-36—16-43)
10-71 (6-:1-16-65)

10-78 (7-15—15-36)
11-39 (7-55—16-22)
811 (4-75-13-15)
10-22 (6-28—16-25)
8-87 (4-88—14-61)
8-16 (4-56—15-54)
9.7 (5-77-15-19)

0(0-0)
0(0-0)
0(0-0)
0(0-0-77)
0(0—-3-37)
2.7 (0—6-48)
0(0—-0-77)

0(0—-0)
0(0-0)
0(0-0)
0(0—-0)
0(0—-0)
165 (0—4-32)
0 (0-0)

4-65 (2-66—6-83)
4-39(2:31-7-35)
2:72(1-34-4-35)
2-83(1-29—4-88)
1-18 (—0-15—-3-67)
1.24 (—0-27-3-36)
2-88 (0-9-5-21)

4-01 (1.78—6-96)
3.88(1-74—6-25)
2:15(0-75-3:8)
4-23 (1-97-6-98)
1-42(0-3-87)
1-62 (0-23—3-79)
2-81(0-89—5-35)

0 (0-0)
0(0-0)
0(0-0)
0(0-0)
0(0-0)
0 (0—1-06)
0(0-0)

0(0-0)
0(0-0)
0(0-0)
0(0-0)
0(0-0)
0(0-0)
0 (0-0)

Table 1: Daily incidence differences in prevented cases and deaths between unvaccinated and at least partially vaccinated people by age, sex, and analysis period.
Median daily incidence differences per 1,000,000 population are shown. Interquartile ranges are presented in parentheses.
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Figure 3. Cumulative numbers of prevented cases and deaths by sex that are attributed to the reduced risk among vacci-
nated individuals. Cumulative numbers of averted cases by age group (> 14 years) between 3 March and 30 November 2021 for
male (a) and female (b) individuals are shown. Additionally, cumulative numbers of averted deaths by age group (> 14 years)
between 24 March and 30 November 2021 for male (c) and female (d) individuals are shown. Each shaded area represents the 95%

confidence interval.

2021, the averted number of cases among people aged
65 years and older was estimated to have been 103,637
(95% CI: 83,427—125,170) and 125,313 (95% CI: 102,679
—149,496) in male and female individuals, respectively.
With regard to deaths, by 30 November, 9487 (95% CI:
3906—16,281) and 7277 (95% CI: 2379—13,362) deaths
in male and female individuals, respectively, were esti-
mated to have been prevented because of the risk reduc-
tion among vaccinated people compared with
unvaccinated people.

Figure 4 shows the estimated cumulative number of
cases and deaths prevented, along with the observed
numbers, to illustrate the predicted number of cases
and deaths without the vaccination program, that is, the
“counterfactual” scenario. Without the vaccination pro-
gram, an estimated 1,722,437 (95% CI: 1,634,589

—1,815,561) cases and 28,059 (95% CI: 16,003—43,122)
deaths would have been observed. In other words,
564,596 (95% CI: 477,020—657,525) COVID-19 cases
and 18,622 (95% CI: 6522—33,762) deaths were pre-
vented owing to the vaccination program by the end of
November 2021. Because the vaccine rollout was partic-
ularly accelerated before July (i.e., 1 month before the
Tokyo Olympic Games), the discrepancies between the
observed confirmed COVID-19 cases and COVID-19-
related deaths and the estimated values become evident
from around that period. However, the gaps between
observed and counterfactual values later plateaued
because the incidences during the fifth epidemic wave
were greatly reduced. Table 2 summarizes the total
number of prevented cases and deaths among at least
partially vaccinated individuals, fully vaccinated

www.thelancet.com Vol 28 November, 2022
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Figure 4. Counterfactual scenarios and total numbers of prevented cases and deaths that are attributable to the reduced risk
among vaccinated individuals. Total number of averted cases from 3 March to 30 November 2021 (a) and averted deaths related to
COVID-19 from 24 March to 30 November 2021 (b) are shown. Red lines represent actual observed COVID-19 cases and deaths, and blue
lines represent the estimates of counterfactual scenarios without vaccination. Shaded areas describe 95% confidence intervals.

individuals, and partly vaccinated individuals during the
study period.

Discussion
According to the Prime Minister’s Office, the total num-
ber of available doses of COVID-19 vaccine in Japan
reached more than 197 million by the end of November
2021, achieving vaccination coverage of 75% of the
population.”®'® In such a highly vaccinated county with
widespread use of mRNA vaccines, we estimated that
the vaccination program prevented 564,596 (95% CI:
477,020—657,525) COVID-19 cases and 18,622 (95%
CI: 6522—33,762) COVID-19-related deaths, correlating
with reductions of 33% and 67% in cases and deaths,
respectively. The highest numbers of averted cases and
deaths were seen among those aged 65 years and older
for both men and women. Whereas 103,637 (95% CI:
83,427—125,170) and 125313 (95% CI: 102,679
—149,496) cases in male and female individuals were
prevented, the averted number of deaths was 9487
(95% CI: 3906—16,281) and 7277 (95% CI: 2379
—13,362) in male and female individuals, respectively.
To the best of our knowledge, the present study is the
first to demonstrate the substantial direct benefit of the vac-
cination program in Western Pacific countries where a rel-
atively low incidence of COVID-19 had been maintained
prior to emergence of the Omicron variant. As a result of
the rapid vaccine rollout and high vaccination coverage, we
showed that more than 30% of COVID-19 cases and two-
thirds of COVID-19-related deaths were prevented, espe-
cially among older people. During the fifth wave, the Delta

www.thelancet.com Vol 28 November, 2022

variant acted as a trigger for another epidemic wave and
incidences rose rapidly, coinciding with the start of the
Tokyo Olympic Games. By comparing the observed values
and counterfactual estimates, we objectively showed that
the vaccination program substantially reduced the epidemi-
ological impact during this period.

An important technical caveat is that the direct effective-
ness of the vaccination program can be evaluated by simply
comparing the daily incidence between vaccinated and
unvaccinated individuals as a function of time, as was
done in Israel.** This can be achieved when the vaccination
coverage is available and when the vaccination history of
cases is consistently recorded over time. However, it must
be noted that, other than the direct effect as presented
here, indirect effects have a tremendous impact on the epi-
demiological dynamics. In many countries with substan-
tially high vaccination coverage, herd immunity was at
least temporarily and locally achieved, and the disease inci-
dence was greatly reduced. The total vaccination effect can
be broken down into actual observations and counterfac-
tual estimates, i.e., stacked additional cases/deaths if the
vaccination program were not implemented. The effects
can also be divided into indirect effects and direct effects,
as per the following equation:

Total vaccination effects

= Indirect effect + Direct effect.

(5)

However, measuring the indirect effect is technically
challenging; for example, we may have to compare the
observed cumulative number of cases and deaths
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Age group

Prevented outcomes

Cases infected with SARS-CoV-2

Deaths related to COVID-19

At least partially vaccinated people

Fully vaccinated people

Partly vaccinated people

Male Female
15-24 25,463 (22,700—28,304) 28,132 (24,918—31,495)
25-34 38,931 (35,162—42,758) 36,183 (32,138—40,373)
35-44 31,711 (28,001—-35,557) 27,670 (23,718—31,823)
45—-54 38,653 (33,546—44,040) 42,704 (36,380—49,569)
55—64 32,905 (27,358—38,803) 33,294 (26,994—40,136)
> 65 103,637 (83,427—125,170) 125,313 (102,679—149,496)
>15 271,300 (230,194—314,632) 293,297 (246,826—342,892)

Male Female

15-24 16,771 (14,992—18,606) 19,476 (17,256—21,785)
25-34 27,764 (25,164—30,473) 26,628 (23,679—29,656)
35-44 22,069 (19,581—-24,673) 19,793 (16,997—-22,722)
45—-54 24,674 (21,493-28,117) 27,456 (23,262—32,027)
55—64 20,001 (16,465—23,831) 20,039 (15,943-24,601)

> 65 80,592 (64,535—97,988) 98,262 (80,048—117,887)
>15 191,870 (162,230—223,688) 211,656 (177,185—248,679)

Male Female

15—24 8692 (7717—9708) 8655 (7638—9696)
25—-34 11,167 (10,004—12,363) 9555 (8472—10,720)
35-44 9642 (8409—10,859) 7877 (6718—9077)
45—-54 13,979 (12,068—15,946) 15,248 (13,117—17,519)
55—64 12,905 (10,902—15,057) 13,254 (11,068—15,549)
>65 23,045 (18,998—27,419) 27,051 (22,687—31,779)
>15 79,430 (68,098—91,352) 81,641 (69,699—94,339)

Male

6 (0—19)

15 (0—-39)

58 (-3—160)

347 (51-772)

1023 (219—2062)
9487 (3906—16,281)
10,938 (4174—19,334)

Male

4(0—-13)

10 (1-26)

38 (0—104)

221 (40—489)

720 (149—-1,451)
8097 (3453—13,723)
9090 (3643—15,805)

Male

2(0-7)

5(0-12)

20 (-2—60)

126 (9—280)

303 (60—628)
1391 (496—2504)
1847 (564—3491)

Female

1(-4-8)

1(-15-16)

20 (0—54)

69 (-4—189)

316 (-8—799)

7277 (2379—13,362)
7684 (2348—14,428)

Female

0(-5—6)

1(-9-11)

12 (-1-35)

41 (-2-110)

225 (10—569)

6190 (2108—11,241)
6469 (2102—11,971)

Female

1(-1-3)
0(-6—5)
8(2—18)

28 (0—70)

91 (-14—-236)
1087 (290—2078)
1215 (270—2409)

Table 2: Total number of prevented cases and deaths by age, sex, and vaccination status that are attributable to reduced risk among vaccinated

individuals.

The 95% confidence intervals are presented in parentheses.

The study period of each outcome was from 3 March to 30 November 2021 and from 24 March to 30 November 2021 for cases and deaths, respectively.

against theoretically reconstructed epidemic counterfac-
tual scenarios, that is,

Indirect effect
= E(C; no vaccination)

— E(C; vaccination in the population), (6)

where C stands for the cumulative number of cases. The
former term on the right-hand side requires very careful
study design or simulations and we would need to
know how many cases and deaths there would have
been without the vaccination program. To compare our
estimate of direct effect against possible indirect effect,
we conducted an ad hoc analysis using a compartmental
model (see Supplementary material). It was shown that
indirect effect would lead to prevention of more than
hundred times and thirty times greater number of cases
and deaths, respectively, than those attributed to direct
effect. The result indicates that indirect effect would

involve enormously large population impact. For precise
estimation, we need to carefully derive the indirect
effect adjusting for other countermeasures, and devel-
oping an alternative counterfactual model for the esti-
mation is our ongoing future study.

It is obvious that various PHSM including lock-
downs have played crucial roles in suppressing the
number of COVID-19 cases and deaths in many coun-
tries since the pandemic started. During the vaccination
program, a state of emergency was declared three times
in Japan, with the second state of emergency lasting
from 7 January to 21 March 2021, which overlapped
with the initial stage of the vaccination program priori-
tizing health care professionals (Figure 1B). Other states
of emergency were declared between 25 April and 20
June and between 12 July and 30 September 2021 in the
fourth and fifth epidemic waves, respectively. The cover-
age of each prefecture depended on the timing of its
declaration, but Tokyo and Osaka, which usually bore
the highest number of cases, were generally covered
under the states of emergency. In the present study, we

www.thelancet.com Vol 28 November, 2022
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did not explicitly account for the impact of PHSM on
the estimated numbers of averted cases and deaths. In
other words, without PHSM, the size of the epidemic
would be expected to be greater than that observed, and
thus, the prevented cases and deaths would also have
been elevated compared with those reported in the pres-
ent study. Similar observations have been reported in
Israel and other countries.”” *® However, the median
daily incidence differences in cases of the present study
were estimated to be approximately 5 per 100,000 pop-
ulation, which were much lower than those in Israel (72
per 100,000 population).”* Examining the ratios of the
total number of prevented cases/deaths to observed val-
ues in both countries, the differences can be explained
by the lower incidences themselves rather than waning
immunity effects and incidence differences between
unvaccinated and vaccinated people. Although Japan is
a super-aging society, which imposes a greater COVID-
19-related burden, PHSM and other interventions main-
tained the epidemic level and disease burdens at rela-
tively low levels during the period of study.

Although our study mainly focused on the effects for
at least partially vaccinated people, the total numbers of
averted cases and deaths were also calculated according
to vaccination status. Our estimates indicated that the
effect of two doses contributed to reducing COVID-19
cases and deaths by 2-5 and 5-1 times, respectively, com-
pared with one-dose vaccination. However, the effects of
the first dose appeared not to be small, implying that we
could expect a certain degree of vaccine effectiveness
among partly vaccinated people. Furthermore, we
explored the difference in outcomes by sex. The total
number of cases prevented among female individuals
was estimated to be 293,297 (95% CI: 246,826
—342,892), which was higher than that among male
individuals, estimated to be 271,300 (95% CI: 230,194
—314,632). These estimates were influenced not only by
the vaccination program but also by other factors such
as the volume of the number of COVID-19 cases. There-
fore, accounting for high-risk (socially active) behavior,
it is reasonable that more cases/deaths were averted
among male individuals aged 25—44 years than
among female individuals. However, an estimated
total 9487 (3906—16,281) deaths in male individuals
were prevented, which was higher than this number
in their female counterparts, estimated to be 7277
(2379—13,362). The same trends were recognized in
all groups aged 15 years and older, which may be
explained by the biological mechanisms underlying
sex differences.

This study has four limitations. First, the averted
number of hospitalizations was not consistently col-
lected over time, precluding explicit estimation of the
impact of vaccination on hospitalizations in Japan. Set-
ting up hospitalization surveillance to systematically
register and monitor admitted individuals along with
their vaccination history would be required for this

www.thelancet.com Vol 28 November, 2022

analysis. Second, we imposed an assumption that all indi-
viduals vaccinated with a first dose received a second dose
at a constant interval. In Japan, the vaccination program
explicitly recommended that people receive a second dose
exactly 21 days after the first dose; however, there could
have been discrepancies, particularly when using mRNA-
12773 vaccine, which adopts a 28-day rather than 21-day
interval. In fact, the vaccination rates at the end of 2021
among people who received the first dose and were fully
vaccinated were 74-7% and 74-1%, respectively.” Third, we
ignored waning immunity in our analysis. Vaccine-
induced immunity gradually wanes, and a reduction in vac-
cine efficacy against SARS-CoV-2 has been observed in 6-
month follow-up research.”??° Our study period was
approximately 9 months, from March to November; how-
ever, the rate of vaccination was accelerated from June to
August, and we believe that the impact of ignoring the
effect of waning immunity would be minimal. Fourth, geo-
graphic heterogeneity in the vaccination rollout was not
taken into account. For example, as of the end of October
2021, the lowest vaccination coverage for the first dose was
estimated to be 62% in Okinawa, and the highest coverage
was 76% in Akita.'® An analysis focused on the impact of
such gaps will be addressed in our future studies.

In the current study, we successfully quantified the
direct effectiveness of the mass vaccination program in
Japan. Substantial numbers of cases and deaths were pre-
vented owing to mRNA vaccination, correlating to reduc-
tions of 33% and 67%, respectively, as compared with
counterfactual scenarios without vaccination. Vaccine-
induced immunity against SARS-CoV-2 is the safest and
most effective means of reducing the number of COVID-
19 cases and deaths, thereby limiting the burden on health
care systems. The preventive effect of vaccination will be
further amplified as the pandemic proceeds.

Using a statistical model, in the present study, we
estimated the averted number of COVID-19 cases
and deaths, by age and sex, that can be attributed to
the reduced risk resulting from vaccination in Japan
from March to November 2021. The estimated num-
bers were highest among those aged 65 years and
older. For individuals who were at least partially vac-
cinated, we estimated that 564,596 (95% CI:
477,020—657,525) cases and 18,622 (95% CI: 6522
—33,762) deaths were successfully prevented, repre-
senting a reduction in risk of 33% and 67%, respec-
tively. Our findings confirm that the vaccination
program was highly successful in Japan during the
Delta variant epidemic wave. As vaccination contin-
ues among all eligible individuals, the preventive
effects will be further amplified.
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