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ABSTRACT
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INTRODUCTION
Individuals infected with COVID-19 should be isolated from

the community when they become symptomatic after the latent
period ends, and when the isolation period ends, they become
‘recovered’ individuals who have infection-induced immunity
(disease-induced immunity) and then return to the community.
In a community mixed with infected individuals, susceptible
individuals and recovered individuals, the contact rate between
infected individuals and susceptible individuals is reduced by the
contact of infected individuals with recovered individuals when the
number of recovered individuals increases, resulting in a decrease
in the number of infected individuals.

Vaccination reduces not only the number of susceptible individuals
in the community but also the contact rate between infected
individuals and susceptible individuals with an increase in the
number of vaccinated individuals, just as recovered individuals do.
Since the contact rate decreases with an increase in the number of
vaccinated individuals, the earlier the start date of mass vaccination
is, the smaller the total number of infected individuals becomes,
and the longer the mass vaccination duration is, the smaller the
total number of infected individuals becomes. Additionally, when
vaccination is continued until the day when the sum of the number
of recovered individuals and the number of vaccinated individuals
exceeds an ‘expedient herd immunity threshold’, the total number
of infected individuals is markedly reduced, and the duration
infection is also considerably shortened [1-3]. Therefore, vaccinati
practically/strongly controls the spread of COVID-19.

However, the effectiveness of the immunity acquired through
vaccination does not continue permanently but )
gradually until it is below a certain threshold, which i v
loss of effectiveness. Namely, although the threshold leve "l
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tibodies might decrease to
below a certain I of immunity level at which vaccinated
individuals could get™ilacted. What happens when the immunity
of vaccinated individuals"§mps below the threshold after a mass
vaccination program ends?

When the quantity of antibodies decreases to below a certain
threshold, vaccinated individuals substantially get back to susceptible
individuals and can be attacked by breakthrough infection. Ohmori,
showed an example that when a half of vaccinated individuals
get back to susceptible individuals at once on the 151st day, the
occurrence of breakthrough infection can prolong the duration of
infection, with a large number of individuals infected [1].

However, as it was pointed at that time, since vaccination usually
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continues almost every day after the start of mass vaccination, the
number of vaccinated individuals increases daily. In response to
changes in the number of vaccinated individuals, the number of
individuals who get back to susceptible individuals also changes
daily and does not reach 0 easily until there are no more vaccinated
individuals in the community. Although all susceptible individuals
who have got back from vaccinated individuals will not always
become infected, since susceptible individuals who have got back

from vaccinated individuals will join the number of existing

‘original’ susceptible individuals; g duration of infection could
be induced, accompanied by a seriOWiliacrease in the number of

infected individuals. W]

after the end of a mass vac

ugh infection occur
ion program! How do breakthrough

infections affect the spread o VID-19? How long should mass

BT cc the model uses the vaccination
iven each day as an independent variable, the

ince the ‘back to rate’, at which vaccinated individuals
e-induced immunity get back to susceptible individuals
included as an independent variable in the model, the
number of individuals who get back to susceptible individuals
vaccinated individuals can also be calculated each day. As a
result, the number of individuals including not only individuals
who were infected with breakthrough infections which indicate
infections occurred in susceptible individuals who had got back
from vaccinated individuals but also individuals who were infected
with ‘normal infections’ which indicate infections occurred in the
‘original’ susceptible individuals, can be calculated.

The impact of breakthrough infections is assessed by comparing
the total number of infected individuals calculated during different
durations of vaccine-induced immunity, different durations of
mass vaccination and different vaccination start and end dates. The
revealed conditions for outbreaks of breakthrough infections could
offer reference materials for medical and/or political measures.

Framework of the flexible compartment model used here

The flexible compartment model proposed by Ohmori consists
of six categories: ‘susceptible (remainder): RM’; ‘vaccinated: V’;
‘recovered: RI, RT, RAS’; ‘infected (‘infectious’, ‘patient’): P’;
‘isolated: I, PI’; and ‘death: DAS, DTI, DT’, as shown in Figure 1
[1-3]. ‘Susceptible’ is the number of susceptible individuals who are
not infected but could become infected. “Vaccinated’ is the number
of vaccinated individuals who have been vaccinated, who have
immunity and who live and work in the real community, as shown
in Figure 1. ‘Recovered’ are individuals who were isolated from
the real community to the isolation community when they were
symptomatic after the end of the latent period and returned to the
real community after the infectious period (the recovery period/
isolation period) ended. They recovered from the disease and have
immunity. ‘Infected’ are individuals who have been infected and
are capable of infecting susceptible individuals.



