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Abstract: In Japan, a prioritized COVID-19 vaccination program using Pfizer/BioNTech messenger
RNA (mRNA) vaccine among healthcare workers commenced on February 17, 2021. As vaccination
coverage increases, clusters in healthcare and elderly care facilities including hospitals and nursing
homes are expected to be reduced. The present study aimed to explicitly estimate the protective effect
of vaccination in reducing cluster incidence in those facilities. A mathematical model was formulated
using three pieces of information: (1) the incidence of clusters in facilities from October 26, 2020 to
June 27, 2021; (2) the incidence of confirmed COVID-19 cases during the same period; and (3) vaccine
doses among healthcare workers from February 17 to June 27, 2021, extracted from the national
Vaccination System database. We found that the estimated proportion at risk in healthcare and elderly
care facilities declined substantially as the vaccination coverage among healthcare workers increased;
the greater risk reduction was observed in healthcare facilities, at 0.10 (95% confidence interval (CI):
0.04-0.16) times that in the pre-vaccination period, while that in elderly care facilities was 0.34 (95%
CI: 0.24-0.43) times that in the earlier period. The averted numbers of clusters in healthcare facilities
and elderly care facilities were estimated to be 247 (95% CI: 210-301) and 279 (95% CI: 218-354),
respectively. Prioritized vaccination among healthcare workers had a marked impact on preventing the
incidence of clusters in facilities.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a high number of
severe cases and deaths across the world. Frontline healthcare workers, among others, have been an
obvious inclusion as a high-risk group, frequently contributing to propagating transmission, because
their work requires continued patient-facing roles including unavoidable exposure to infected patients
for the purpose of professional care [1]. Before vaccinations became available, many countries tried to
protect healthcare workers from infection by procuring personal protective equipment to minimize the
risk of nosocomial transmission [1]. Other populations of particular concern have been elderly
individuals and people with underlying health conditions, because they are at high risk of having a
more serious course of infection [2]. This partly explains why care homes, where typically vulnerable
older adults reside, have disproportionately experienced large outbreaks [3,4]. On average, care home
residents accounted for more than 45% of deaths related to coronavirus disease (COVID-19) in 21
countries before the advent of vaccination [5].

In December 2020, COVID-19 vaccination commenced globally. Many countries began their
vaccine rollouts with healthcare workers, the elderly, and residents of care homes taking first
priority [6—8]. Among the approved vaccines, the Pfizer/BioNTech messenger RNA (mRNA) vaccine
BNT162b2 showed a particularly high efficacy during a clinical trial [9], becoming one of the most
widely used vaccines in Israel, the United Kingdom, and the United States, among others [6,7,10]. As
countries implemented their vaccine rollouts, the direct effect of vaccination (i.e., protection against
infection or disease, conferred by vaccination) was demonstrated to be high among various study
populations including older people and healthcare workers [6,7,10—12]. Moreover, an indirect effect
of vaccination, i.e., reduced risk of infection among unvaccinated individuals due to reduced
opportunities for infection, was also suggested by household studies and others [13—17].

As in other countries, Japan also struggled to meet the challenges of mitigating the impact of the
COVID-19 pandemic and implementing various public health interventions [18,19]. In Japan, a cluster
is defined (in the not-legally binding notification rules of Ministry of Health, Labour and Welfare
(MHLW)) as five or more confirmed COVID-19 cases that occur at the same place (excluding
households) with clear epidemiologic links [18]. During the initial phase of the epidemic, healthcare
facilities (such as hospitals) and care facilities (such as nursing homes) were reported to account for
approximately half of the incidence of clusters, with each one sometimes involving more than 100
cases [19]. Considering that healthcare and elderly care facilities act as critical source of fatalities for
COVID-19, especially in the super-aged nation Japan, it is vital to prevent the emergence of
clusters [20]. Regarding the epidemic situation, as of 7 October 2021, Japan has experienced five
major waves of COVID-19 cases [21]. During the fourth wave, from around April to June 2021 [21],
the proportion of cases infected with the B.1.1.7 variant increased rapidly from March to April 2021,
and this variant was estimated to become the dominant SARS-CoV-2 strain by the middle of May
2021 [22].

Japan’s vaccine rollout began on February 17, 2021, and healthcare workers were prioritized as
the first group to be vaccinated, as they were considered to be at a higher risk of infection compared
to the general population [23]. The vast majority of them received BNT162b2, because it was initially
the only available vaccine. Healthcare workers eligible for vaccination were defined as: 1) staff
members working for hospitals, clinics, pharmacies, and agencies that provide home-visit nursing
services; 2) staff members working for local authorities who are responsible for COVID-19 response;
and 3) ambulance crews and personnel of the Japan Coast Guard or Japan Self-Defense Forces [24]. It
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was also advised that extra doses every day (i.e., residual doses of vaccines at the end of the day)
should be distributed to staff and patients at other medical facilities or the general population
(prioritizing older adults), especially for people who could receive the vaccine on that day [25,26]. As
vaccination coverage increases, the expectation has been that clusters in facilities including healthcare
and elderly care facilities, where healthcare workers are working, would be reduced. Figure 1 shows
the number of confirmed COVID-19 cases in Japan from the third to the fourth waves, and the reported
number of clusters during the pre- and post-vaccination period. Unfortunately, trivial calculations that
compare the incidence of infection between vaccinated and unvaccinated do not permit an explicit
computation of the risk of clustering in those high-risk facilities. The present study aimed to explicitly
estimate the protective effect of vaccination in reducing cluster incidence in those facilities.
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Figure 1. Number of confirmed COVID-19 cases and clusters in Japan from October 26,
2020, to June 27, 2021. The dots with dashed line represent the weekly number of
confirmed COVID-19 cases, while the dark- and light-grey bars showing the weekly
incidence of clusters in healthcare and elderly care facilities, respectively. The y-axis on
the left measures the number of COVID-19 cases, and that on the right measures the
number of clusters.

2. Materials and methods

2.1. Data source

We analyzed the weekly data on incidence of clusters from October 26, 2020, to June 27, 2021,
which included both pre- and post-vaccination periods. Throughout this article, a cluster is defined as
the emergence of five or more confirmed cases in the same facility, regardless of symptoms, diagnosed
in a short period of time and considered as linked from each other, which is in common with the
governmental definition in Introduction [20]. Although the notification is not legally binding, the
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occurrence of clusters has been regularly reported by local prefectures and distributed via news media.
The media-based cluster data of the abovementioned period were systematically collected across Japan.
The dataset of the incidence of confirmed COVID-19 cases for the same period was obtained from the
website of MHLW. Confirmatory diagnosis was mostly made by real time polymerase chain reaction
(rt-PCR), and all cases were mandated to be notified to the government following implementation of
the Infectious Disease Control Law. Distributed vaccine doses among healthcare workers were
recorded through the Vaccination System (V-SYS), and the data from February 17 to June 27, 2021,
were extracted from the website of Prime Minister’s Office of Japan. Original case count data and
vaccination data were aggregated weekly.

2.2.  Statistical model

Here we formulate a mathematical model that is used to estimate the averted risk of clustering that
could be attributed to the vaccination. We handled clusters in healthcare and elderly care facilities
independently.

We assumed that clusters in each facility occurred proportionally to the incidence of COVID-19
cases, which would be deemed reasonable considering the force of infection [27]; this proportionate
relationship is modified by vaccination as follows:

kc,_, without vaccination
(1 —&)kcy—,, with vaccination

E(n,) = { (1)

where n; represents the number of clusters either in healthcare or elderly care facilities in week ¢,
and E(.) represents the expected number. c¢;_, isthe number of confirmed COVID-19 cases in week
t — x,1.e., x representing the time lag between COVID-19 cases for the entire population and clusters
in facilities. It must be noted that we handle not the number of cases but the number of clusters. Here
we specifically considered the time lag x, because a published study suggested that transmission in
the facilities is likely to take place at a later part of the local transmission chain that may follow
persistent community transmission [19]. k is a scaling parameter that adjusts the proportionality
between COVID-19 incidence and clusters. & is the fraction protected by vaccination, which we
consider to be proportional to the protected fraction of the entire population, i.e.,

_1 —_ —_
& =w (‘h( ?:o Vi Fri + §=g+a(v1,t—i - vZ,t—i+a)F1,i) +q; Zf:ff Uz,t—in,i+a) (2)

where w is a factor of adjustment that converts the fraction protected into the protective effect of
vaccination in reducing clusters. v;,_; and v,,_; represent the proportion of healthcare workers
who received the first and second dose in week t — i (i.e., vaccination coverage of the first and second
doses) while i indicates the elapsed number of weeks since the first dose. a represents a fixed
number of weeks between doses, recommended to be 3 weeks for BNT162b2 in Japan [28]. q; and
q, are the maximum effectiveness resulting from the first and second dose of the vaccination. Fj;
and F,; are cumulative distribution functions of building up vaccine-induced immunity following the
first and second doses in week i. In the right-hand side of equation (2), the first summation represents
immune fraction due to first-dose vaccines in those who are waiting for the second dose due to the
time lag of a weeks, the second summation represents the immune fraction of those who received only
the first dose, and the third summation is the immune fraction of those who received the second dose.

Because the precise number of frontline healthcare workers in Japan was unknown, we calculated
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the vaccination coverage among healthcare workers by taking the number of those who had received
at least one dose by the last week of our analysis as a denominator, assuming that all frontline
healthcare workers would have been vaccinated by then. This assumption was deemed reasonable as
the proxy denominator exceeded 4,800,000, which was the estimated number of healthcare workers in
the most recent census data [23].

41, 92, F1i, and F,; were derived based on a cohort study conducted in the United Kingdom
regarding vaccine effectiveness among healthcare workers who were vaccinated with BNT162b2 when
the B.1.1.7 (alpha) variant was the dominant variant in circulation in the country [6]. This published
study shared similar epidemiological situations with the present study because the alpha variant was
common in Japan from April, and healthcare workers were nearly all fully vaccinated and were
exposed at rates similar to the overall population, with an increasing incidence of cases. Accordingly,
qiand g, i.e., the maximum effectiveness resulting from the first and second doses of the vaccination,
were assumed to be 0.71 and 0.86, respectively [6]. F;; and F,; were dealt with as logistic functions
of weeks since vaccination. These were estimated by fitting logistic models to the datasets from the
published cohort study in the United Kingdom [6], and optimal parameter estimates were derived by
means of the maximum likelithood method. While we also employed a cumulative Weibull distribution,
the logistic function was chosen based on the lowest value of Akaike Information Criterion (AIC).
Although the Moderna vaccine, mRNA-1273, was also used beginning May 24, 2021, for healthcare
workers and the elderly in Japan, we regarded this impact on our estimate as negligible, because it
accounted for only 0.49% (50,989/10,454,415) of the total doses distributed among healthcare workers
during the study period.

The parameters k and w were estimated based on the maximum likelihood method, assuming
that the weekly number of clusters follows a Poisson distribution, i.e.,

E(np™exp(—E(ny))
ne!

L(k,w; D) =1I; 3)
where D represents the observed data. The 95% confidence intervals (CI) were computed via a
parametric bootstrapping method using 1,000 samples from a Hessian matrix.

As part of the sensitivity analysis, we examined the impact of varying time lag x on the resulting
number of clusters averted. Altering the lag x from 0 to 3, the best fit model for E(n;) was selected
according to AIC.

Following the estimation, the numbers of clusters averted in healthcare and elderly care facilities
during the study period were then calculated as:

Averted number of clusters = Y.I_, e kce_y 4)

In equation (4), we consider the model without vaccination in equation (1) as a counterfactual scenario.
T represents the last week of the study period, and 95% CI for the total averted number of clusters
were also computed by a bootstrap method.

3. Results

From October 26, 2020, to June 27, 2021, a total of 682,702 confirmed COVID-19 cases and 6,775
clusters (i.e., 6,775 groups of cases, each containing five or more confirmed cases) were reported in
Japan. Of these clusters, 13.8% (935/6775) and 22.3% (1509/6775) occurred in healthcare and elderly
care facilities, respectively. By June 27, 2021, approximately 6 million (5,977,868) of the first doses
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and 5 million (4,986,483) of the second doses of vaccines were administered among healthcare workers,
surpassing the total of 4.8 million persons identified as healthcare workers in the most recent census
data.

Figure 2 shows the reported number of clusters in healthcare and elderly care facilities overlaid
with the model predictions. In both facilities, the best fit to cluster data was obtained with the lag x=2
weeks. The results of sensitivity analysis using different x weeks are available in Supplementary
Table S1. The scaling factor of the number of clusters, k, and the factor of adjustment from the
protected fraction to the population-level protection in the facility, w, were estimated to be 0.0017
(95% CI: 0.0016-0.0019) and 1.20 (95% CI: 1.13-1.28) for clusters in healthcare facilities, respectively.
In elderly care facilities, these estimates were 0.0027 (95% CI: 0.0025-0.0028) and 0.89 (95% CI:
0.76-1.02), respectively. The bootstrap-based uncertainty bounds contained the observed incidence of
clusters within the 95% CI.
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Figure 2. Weekly reported number of clusters in healthcare and elderly care facilities
overlaid with model predictions from November 9, 2020, to June 27, 2021. The black bars
represent the incidence of documented clusters, and the white bars represent expected
value of our model estimate. The shaded area shows the 95% confidence interval (CI) of
the model estimate, computed by means of a parametric bootstrap method.

Figure 3 shows the relative reduction in the number of clusters owing to vaccination, as calculated
from (1 — &;). The time-dependent proportion of facilities at risk of clustering declined substantially
as the vaccination coverage increased. A greater risk reduction was seen in healthcare facilities; e.g.,
at the end of observation period, the risk was as small as 0.10 (95% CI: 0.044-0.16) times that of the
pre-vaccination period, while that in elderly care facilities at the end of the observation period was
0.34 (95% CI: 0.24-0.43) times that of the pre-vaccination period.

The total averted number of clusters in healthcare and elderly care facilities were estimated to be
247 (95% CI: 210-301) and 279 (95% CI: 218-354), respectively, during the study period (Figure 4).
As we assumed that the incidence curve of clusters should have been proportional to the incidence of
confirmed cases with a fixed delay, the cluster incidence of counterfactual scenario was similar to the
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epidemic curve of the fourth wave (dashed line in Figure 1), and in the absence of vaccination, the peak
height of cluster incidence during the fourth wave could have been similar to that of the third wave.
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Figure 3. Relative reduction in the number of clusters in (A) healthcare facilities and (B)
elderly care facilities from February 22 to June 27, 2021. The black lines represent the
estimated time-dependent proportion at risk of clustering. Shaded areas show the 95%
confidence interval (CI) of the model estimate, computed by means of a parametric
bootstrap method.
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Figure 4. Averted number of clusters in (A) healthcare and (B) elderly care facilities due
to vaccination from November 9, 2020, to June 27, 2021. The black lines represent the
predicted number of clusters using our proposed model, and the dotted lines show the
counterfactual scenario that assumes the absence of a vaccination program. The shaded
area represents the clusters averted in these facilities.
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4, Discussion

The present study evaluated the impact of COVID-19 vaccination among healthcare workers on
the incidence of clusters in healthcare and elderly care facilities in Japan. We employed a simple
approach, imposing assumptions that the incidence of clusters (i.e., the risk of cluster emergence) was
proportional to the incidence of confirmed cases, and moreover that the hazard of that proportionality
is relatively reduced by the vaccinated immune fraction of the population. We have shown that the
numbers of clusters in healthcare and elderly care facilities were reduced to a factor of 0.10 and 0.34
at the end of observation period, and in these facilities, the total of 247 and 279 clusters, respectively,
were estimated to have been averted. Without employing the model, one cannot purify this type of total
effectiveness (i.e., the sum of direct and indirect effect in reducing the number of clusters) with
counterfactual scenarios. The reduced risk of clustering in high-risk facilities by prioritized vaccination
among healthcare workers was demonstrated, implying the existence of both direct and indirect impact
on clustering.

The most important conclusion of the present study is that vaccination among healthcare
professionals yielded a substantial reduction of clusters in healthcare and elderly care facilities. The
great reduction in these facilities indicates that not only infections but also a substantial number of
severe cases and deaths were avoided, because the susceptible people in the facilities represent a group
at high risk for severe illness, involving elderly people and patients with underlying comorbidities [2].
In the present study, the data source relied on an arbitrary definition of cluster that must have involved
five or more confirmed COVID-19 cases in Japan [18]. What follows from this definition is that the
total number of infections prevented would be even greater than what was estimated here.

The estimated risk reduction reflects both the direct and indirect effectiveness of vaccination.
Vaccination averted clusters that could have started from healthcare workers as well as other
individuals to whom healthcare professionals could have passed infection. It is worth noting that our
model assumed a substantial vaccine effectiveness of BNT162b2 primarily against infection with the
B.1.1.7 variant, and the modeled protected fraction well explained the fast decline of clusters during
the later stages of the fourth wave. Considering that vaccine effectiveness can differ by variant [29],
such a protective effect could also vary accordingly. However, even if the effect is lower, the prioritized
vaccination of healthcare workers would be still justified, considering that healthcare professionals
play a maintenance role in transmission [1]. In this sense, averting infection in healthcare workers
would have an immense impact on preventing facility clusters that involve vulnerable populations at
high risk of severe illness and death.

We estimated that there were two weeks of lag between reports of COVID-19 cases and reports of
clusters in the facilities. Aside from the aforementioned reason, that is, that clusters probably occur
following persistent community transmissions [19], differences in reporting systems may also
contribute to this lag. In Japan, confirmed COVID-19 cases must be reported upon diagnosis [18];
however, it is not mandatory to report the incidence of clusters, and this feature could have acted as a
source of reporting delay. A cluster has been defined as a series of local transmissions involving five
or more confirmed cases, so by the time at least five cases are associated with a facility, their emergence
would not result in notification and would therefore go unrecognized.

The present study has several limitations. First, all clusters are not mandated to be notified in Japan,
and ascertainment rate may differ according to the epidemic situation (e.g., the reporting rate may be
low in the presence of a surge of COVID-19 cases due to overstretched contact tracing capacity).
However, the cluster data were collected in a systematic manner across Japan, and the data reliability
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was improved compared to the early stages of COVID-19 epidemics when efficient and accurate data
collection system was still not established. Second, the study did not account for the effectiveness of
vaccination among older people. Vaccination among the elderly (aged 65 years and older) began April
12, 2021 in Japan [30]. Although this age group is more likely to be in healthcare and elderly care
facilities, there were only 3,104,059 persons out of 35,768,503 (8.7%) of them who were deemed “fully
vaccinated”, i.e., two weeks following their second vaccination dose, and clearly not all of them were
associated with the facilities. We therefore believe that the protective effects brought from the
vaccination of the older people did not affect the study results substantially. Third, it should be noted
that, by definition by the Japanese government, “healthcare workers” included non-medical staff
working in healthcare and elderly care facilities who could contact not only the patients or elderly but
also their family members, the food, or fomite, to name a few. Whether or not such non-medical staff
should be included in “healthcare workers” and hence in the prioritized group of vaccination might be
controversial. However, because they are likely to be part of the transmission chain in these facilities,
they were categorized as ‘“healthcare workers”. Although the reduced risk attributable to their
vaccination might be lower compared to that brought by medical staff, who provide constant patient-
facing care, their vaccination should still contribute to prevention of clustering in the facilities.
Therefore, we handled them as part of “healthcare workers” in this analysis. Lastly, we assumed that
the averted clusters were fully attributable to vaccination; however, there may exist other factors that
have contributed to the reduced risk of COVID-19 infection, e.g., seasonal variations in temperature.

Despite the abovementioned limitations, this study presents a novel yet simple approach to
evaluating vaccine effectiveness in preventing clusters. This approach could be applied in resource-
limited settings. Moreover, the present study endorses the prioritization policy of vaccination among
healthcare workers that has been implemented in many countries.

5. Conclusions

This modeling study quantified the effectiveness of vaccination among healthcare workers in
reducing the incidence of clusters in healthcare and elderly care facilities. The estimated impact
appears to have been especially substantial because people in such facilities represent those at higher
risk of severe illness and death. The present study supports the prioritization of vaccination among
healthcare workers that has been implemented in many countries.
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