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Abstract

Background: It is extremely important to use existing data to study the transition of infection and removal rates, as
well as the influence of vaccination, in the major epidemic waves 6, 7, and 8 in Tokyo, and to develop an effective
countermeasure to suppress the epidemic.

Methods: We developed a new IR model of the epidemic in which I and R comprise both symptomatic and exposed
individuals . Based on this model, numerical methods were developed to calculate infection and removal rates, as
well as the vaccine effect. To minimize the maximum number of daily positives R4, we developed a mechanism for
controlling the number of people examined T based on the Ra rate.

Results : The transitions between epidemic waves 6 and 8, as well as the overall vaccination effect in reducing
infection rates, were clarified. Using the measured link between removal rate and tested individuals, the suppressive
impact of T control was recreated for waves 6 to 8. As a result, wave 6 showed a significant drop in the maximum R4
from one tenth to one half of the actual data. Although the test system was greatly reinforced in waves 7 and 8, the T
control was still able to cut the maximum Rain half when implemented within 10 days of the epidemic waves' onset.
Conclusion: The novel IR theory, the calculation method for predicting infection and removal rates, and the T
control will all give formidable instruments for future epidemic suppression.

Keywords: COVID-19, Epidemiological model, Epidemic wave analysis, Vaccination effect, Tested people number
control, Epidemic countermeasure, Japan

Introduction

Due to the invasion of novel coronavirus COVID-19
infection from abroad, Japan experienced epidemic
waves 1 and 2 in 2020, waves 3, 4, and 5 in 2021,
and waves 6, 7, and 8 from January 2022 to February
2023. The 8" wave of omicron variations had a
fatality rate comparable to influenza, and the novel
coronavirus COVID-19 infection was reduced to
Class 5, the same as seasonal flu, on May 8, 2023. A

ninth wave of infectious epidemics occurred between
April and September, followed by a period of
contraction.

Because the 7" mRNA vaccination is now free of
charge, the epidemic is no longer as serious as it was
before the 8" wave. However, as of November 2023,
about half of Tokyo residents continue to live the
current lifestyle and wear masks when they go out.
The worst waves of COVID-19 infection in Japan
occurred in the sixth, seventh, and eighth waves,
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when the number of daily positive cases in Tokyo
was 3.6, 6.6, and 3.5 times higher than the peak of
the fifth wave of delta strains, respectively (1).

A state of emergency was declared in Japan
beginning with the first wave of the outbreak as the
number of sick people surged and the administrative
inspection and  medical  systems  became
overwhelmed. In contrast, several infectious disease
epidemiologists have emphasized the necessity of
large-scale inspections, which have proven effective
in Korea, Taiwan, and other countries (2,3).

We are not experts in infectious disease epidemics,
but as mathematical analysis experts in engineering,
we have argued, based on a simple SIR model of
COVID-19 infection, that rapid expansion of testing
and isolation is a cost-effective and efficient measure
that can prevent the spread of infection while
maintaining social and economic activities, rather
than political regulation of social and economic
activities (4). We examined the 5™ wave, which
occurred around the Tokyo Olympics game, and
discovered that the half of the number of tests owing
to consecutive holidays between the Olympics'
opening and closing activities was the primary reason
of the unanticipated spread of infection (5). It was
also demonstrated that the increase in MRNA
vaccination rate, which occurred concurrently with
the spread of infection, contributed to the drop in
infection after mid-August 2021 (6).

In this study, we first propose a simple IR theory that
is appropriate for the analysis of COVID-19
outbreaks, where 1 represents all positive cases,
including exposed and symptomatic individuals, and
R represents the removal of all positive cases by
testing. utilizing this theoretical model, we next
quantitatively examined the changes in the number of
infected people in the city, the infection rate, and the
removal rate during the 6%, 7", and 8" waves of the
epidemic in Tokyo, utilizing data from daily reports
of positive cases (7). The association between the
number of persons tested and the removal rate in each
wave was also explained. The role of vaccination in
lowering infection rates in each wave of the epidemic
was also evaluated.

To limit the spread of illness as rapidly as feasible,
we suggest a Tcontrol mechanism in which the
number of persons tested Tincreases in proportion to
the number of daily positives Rd. The efficiency of
the T control approach was subsequently proved by
simulation analysis, which used regression equations
for the removal rate and the number of persons
evaluated in each wave.

Materials and Methods

Data acquisition of infectious status in Tokyo and
processing

Figure 1 shows the infection status data published
by the Tokyo Metropolitan Government (TMG) (7)
from November 10, 2020, to February 28, 2023.
The TMG publishes the number of daily positives
by testing date, reported date, and verified date. The
Rais the number of daily positives on the day when
the PCR and antigen testing were completed in the
laboratories and the findings were available . Rar is
based on the date the infection was reported to the
public health center and is a preliminary statistic
that is provided as the number of new daily
positives . Rdc represents the number of daily
positives arranged by the day the physician

confirmed the positivity . However , as Rdc's
publishing terminated on September 25, 2022, only
Raris shown after that, which is nearly identical to
Rdc. The TMG has published the sum of the number
of persons tested for PCR and antigen as the number
of persons tested T'and the value of Rd4/T as the
positive rate (¢). Figure 1 shows the T'and ¢. These
are moving averages for the last seven days. This
paper's infection study focuses on the link between
the T'and the Ra.

As shown in Figure 1, the number of Raforms
waves 3 to 8. The duration of each wave, the total
number of days in the period, the total number of Rq,
the maximum number of Rd, the total number of
deaths, and the fatality rate are shown in the inset
table. The number of Rais almost the same as Ruc
until the 5"wave. After the 6nwave, however , the
maximum values are significantly different, with
Rdcbeing about 1.5 to 1.8 times higher than the Ra.
The Raincludes only those who were confirmed by
the laboratory , whereas the Racincludes those who
were confirmed by other medical facilities and is
more representative of the true situation . The
number of removed persons is low in waves 3 to 5,
but increases in wave 6 and later waves. As shown
in the inset table, the maximum value of Rd(Radr) is 3,
822 (4,954) in the 5"wave, while it is 11,672 (17,
859) in wave 6, a significant increase of 3.1 (3.6)
times . After the decline of the 5" wave , the Ra
remained at about 20, but increased rapidly towards
the end of the year and the beginning of the new
year; on 1/1/2022, the Rawas 60 (Rdc: 70), but one-
week later 1/8 (month/day), it jumped to 619 (744),
a10.3 (10.6) fold increase. In wave 7, the maximum
value of Rawas 18,429, which was 1.58 times
higher than in wave 6. In wave 8, the maximum

number of Rawas 9,552, which was lower than the
respective maximums of waves 6 and 7.
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Looking at the changes in the variants of the new
coronavirus shown in the upper part of Figure 1, the
5" wave was infected only with alpha and delta
strains , but from the 6t wave onwards , the omicron
strains have spread (8). The omicron strain is said to
be 1.5to 2 times more infectious than the delta strain,
which is clearly a factor in the increase in the number
of removed persons from wave 6 onwards . However,
the fatality rate after wave 6 is lower than that of wave
5. This may be due to the high vaccination rate,
especially among the elderly, and the improvement of
the medical system.

On the other hand, the number of T'should be
proportional to the number of Rato detect and
isolate positives at an early stage, but since the 7'did
not increase proportionally to Rd, the positivity rate
@ also increased with the increase in Ra. For
example, in wave 6, the maximum value of Rd
increased approximately threefold compared to
wave 5, while the number of Tincreased 1.8-fold,
resulting in a 1.7-fold increase in ¢. Although the
testing system is in the early period of the spread is
important to prevent the spread of infection, we can
observe a clear reduction in the number of 7'during
the New Year period at the beginning of wave 6,
which is another reason for the rapid spread of
infection in wave 6.

IR theory for the analysis of COVID-19 infection

The theoretical model commonly used to analyze the
expansion and contraction of infectious disease
epidemics is the SEIR model shown in Figure 2(a)
(9-12). Figure 2(a) shows the relationship between
the susceptible population S, the number of people
exposed  to infection  E, the number of
symptomatically infected people 7and the number of
persons isolated by testing R. The SEIR model is
based on the SIR model proposed by Kermack and
McKendrick (13), which considers the incubation
period or infectious disease onset period of exposed
persons E. The characteristic feature of the SIR and
SEIR theory is that the susceptible population S
decreases and the epidemic naturally declines when
infected persons /are removed from quarantine and
the cumulative number of those who recover and
become immune is greater than approximately 70%
of S. However, in the case of a COVID-19 epidemic,
the cumulative number of those who were removed
as positive by quarantine was less than 6.6% of the
total population N= ~1.4x107, and the maximum
daily removed person R was only 0.13%, even during
the largest 7" waves of the epidemic. In addition, the
majority of removed persons R recover with medical
treatment , and the infection rate decreases to some
extent due to immunity and returns to the susceptible

population S. Therefore |, the infection rate g*S (8" is
the infection rate per person in S) for infected persons
I hardly changes and can be regarded as a constant
value o= B"S in one wave of infection.
Figure 2(b) shows the (E+ I)R model used in this
paper , which also takes into account the vaccination
effect . First , the infection rate in terms of infected
persons [in the absence of vaccination is o(=8"S).
If the number of vaccinated persons is V' (z) and the
effective rate at which the vaccine reduces the infection
rate is £(t), then the infection rate fin Siis L=
B(S—=CxI)=B"S(1 ~CxV/S)=Po(1 G+ VINp)=Po( 1 &),
where the asterisk represents the convolution integral
of the vaccination rate £(z”) and V (t)/ N, , £is the
effective vaccination rate and the effective rate of
reduction of g relative to the infection rate foin the
absence of vaccination because &= (fo—f)/fo.
Next ,among the susceptible people S, including the
vaccinated ,the exposed persons E is known to be
capable of infection within the incubation period .
Therefore , if the effective infection rate for
asymptomatic and symptomatic positive persons
(E+1) is denoted by f, the rate of increase of E is
given by the following equation , because the positive
persons E+1generate anewly infected exposed
persons E.
dE/dt = B(E +1)— €E Equation 1
where ¢ is given by ¢ = 1/d if the incubation time for
E to become lis d days . The mean incubation time
for alpha strains has been reported to be ~5 days and
the mean infectious acquisition time to be 4.6 days
(14,15), but this was later reduced to d =~4.4 days
for 5"wave delta strains and d = ~ 3.6 days for omicron
strains as the mean incubation time (16 ). he infectious
acquisition time is estimated to be further reduced by
about 1 day. On the other hand, the number of symptom
- positive persons | is assumed to increase by ¢E per unit
time and to decrease by E+I multiplied by the removal
rate y by testing . Thus, we have
dl/dt = eE —y(E +1) Equation 2
Because the removed persons R includes not only
symptomatic persons but also asymptomatic persons
according to the tests, including the close contacts ,
the rate of increase of R is given by:
dR/dt=y(E+1) Equation 3
In conventional SEIR theory ,only symptomatic
persons | have been considered as infectious persons
in Equation 1 and removed persons in Equations 2
and 3. In reality , however , it is more reasonable to
consider all positive persons (E +1) as infectious
persons and removed persons . Because the removed
persons as daily positives by testing include
asymptomatic persons, it is reasonable to consider the
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removal rate y as a coefficient of (E+I). On the other
hand, because the infectivity A(E+1) includes
superspreaders with high infectivity, asymptomatic
but infectious persons and persons with zero
infectivity immediately after exposure, it is
reasonable to consider the infection rate £ as an
additive average of these.
By summing both sides of Equations 1 and 2, we
obtain:
dE+Ddt=(B-y) (E+]) Equation 4

Thus, if all positives (E + 1) of asymptomatic and
symptomatic persons are denoted as I(t), equations 4
and 3 become Equations 5 and 6, respectively:

dl/dt = {B(t) —y () H(t) Equation 5

dR/dt =y(®)I(t) Equation 6

That is, by defining the sum of exposed |,
asymptomatic , and symptomatic persons for I and R,
and defining the average infection rate pand
removal rate yfor these land R, the dynamics of
infected and removed persons based on daily
positive data can be mathematically captured by a
simple new IR model.
Furthermore, in Figure 2(b), if w is the fatality rate of
medical deaths among the removed persons R,
then the number of deaths is D = wR, where (1-w)R
is the number of persons who recovered and
returned to S after a treatment period. The recovery
period varies from as little as a week to as much as a
month or more, but at least by the start of the next
epidemic wave, most of the cumulative number of R
can be assumed to have recovered to a new
susceptible S. Because the daily maximum of Ris
less than 20 000 even in the 7tnwave, the largest, it can
be assumed that Sin the new wave is almost
unchanged from Np (= ~14 million ), considering
that this corresponds to the period of vaccine
efficacy . In the IR theory described above |,
Np=S+1+R+Dalways holds, and the number of
vaccinees Vis considered as a reduction of the
effective infection rate in the same susceptible
people S.
Next section describes a mathematical method for
calculating the changes in infected persons I, the
infection rate fand the removal rate y from the actual
daily data of positive persons Rd, based on the
theoretical IR model with Equations 5 and 6. Later, it
will be described a method for calculating the
effective vaccination rate.

Determination of the infectious rate g and
removal rate y

According to the mathematical model of infection in
Equations 5 and 6, the number of infected persons |
changes exponentially , and if yis assumed to be
constant in each interval, then the change in Rd is

also assumed to be exponential in that interval.

When the Rq is plotted on a logarithmic graph, if

there is an interval where the slope is almost

constant, then Ry can be considered to change
exponentially with g and y being constant.

Therefore, the whole period is divided into many

intervals in which g and y are assumed to be

constant. For each interval i, we can choose the

sampled dates from ti; to ti, and the corresponding n

actual values of Rgij. Then, the following calculation

is performed for interval i.

1) Assuming initial values of the variables £ and y,
R"g;j is calculated for each day tjj according to
the mathematical model of infection by
equation 5 and 6,

2) Let 45 be the deviation between the calculated

value R"g;j and the actual value Rugij:

A;; = Rg;;— Ry Equation 7
The sum of squares of the deviation 4 over the
interval i is calculated:

A=3" A% =X7  (Ry; —Ray)*  Equation 8

3) The above calculation is repeated by changing

the variables £ and y so that A is minimized,

4) Considering that the removal rate y varies with
the number of persons tested T, the following
constraints are imposed on the calculated vy
using the actual value of Tiin interval iand Ti-1

ininterval i-1.
y2via i T,-T120 Equation 9
Y<via i T,-T,<0 Equation 10

5) Let gi and »; in the interval i be the solutions of S
and y when A in equation 8 converges to a given
minimum value by iterating through the above
steps 1) to 4).

The above calculations are performed for all
intervals to obtain S and y for the entire period under
consideration. This method can identify the
variables $ and y without assuming the relationship
between y and T. Equations 9 and 10 are constraints
that prevent irrational convergence values. The
iterative calculations to obtain the convergent
solution in the step (3) above were performed using
the solver built into Excel.
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Figure 2. Diagram showing how infected persons E+1 in susceptible people S are infected with infection rate g,
then removed to R in the healthcare system with removal rate y. R — D = R(1- w) can be recovered to S by the start
of the next wave.
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Figure 5. Effective vaccination rate and its effect on the spread of infection
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Figure 9. Simulation results of T control for the 8" wave with Equation 19 when using the
relationship of y = 0.2600 + 6.882x10° T in the early expanding period

Table 1. Comparison between foé «for Caand y

wave 5 6

day 8/7 9/6 10/6 | 11/5 12/5 | 1/2 1/4 1/9 2/3 3/5 4/4

poct 0.069 | 0.128 | 0.211 | 0.28 | 0.277 | 0.342 | 0.580 | 0.345 | 0.279 | 0.268 | 0.357

y 0.331 | 0.315 | 0.338 | 0.287 | 0.288 | 0.324 | 0.324 | 0.380 | 0.489 | 0.470 | 0.403

wave 7 8

day 5/4 6/3 7/3 82 191 10/1 | 10/31 | 11/30 | 12/30 | 1/29 | 2/28

ol 0.247 | 0.289 | 0.323 | 0.249 | 0.141 | 0.082 | 0.071 | 0.103 | 0.139 | 0.140 | 0.123

y 0.357 | 0.357 | 0.358 | 0.424 | 0.381 | 0.337 | 0.325 | 0.345 | 0.333 | 0.299 | 0.253
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Analysis of effective vaccination rate

The TMG has continued to publish the daily number
of persons vaccinated, the cumulative number of
persons vaccinated, and the vaccination rate
(cumulative number of persons vaccinated/total
population, which is referred to as the published
vaccination rate & for each vaccination). It is known
that not all persons vaccinated are 100% effective in
preventing infection, and that a certain effective rate
of infection prevention is achieved in the first
several months after vaccination, and that the
effective rate of infection prevention decreases over
time (17,18).

Therefore, the effect of the number of persons
vaccinated on reducing the infection rate in a
susceptible population S is calculated by taking into
account the number of people vaccinated, the
effectiveness at the initial vaccination period, and
the residual effectiveness rate thereafter. For this
purpose, the number of persons who can be
considered as having a zero equivalent infection rate
is derived from the effective vaccination rate and
the number of persons vaccinated, and this is
defined as the effective number of persons
vaccinated V. The infection rate of the susceptible
population S due to vaccination is fo(1-V/S), where
VIS is almost equal to the effective vaccination rate
V/INp, which is the ratio of the effective number of
persons vaccinated V who can be considered as
having a zero infectivity to the total population N,.
The cumulative number V(d) of persons effectively
vaccinated on day d in a given vaccination is
calculated as follows. The number of persons
vaccinated on day d (the published number of
persons vaccinated per day) is denoted by Wq(d), the
initial effective rate is ¢, and the rate of loss of
effectiveness over time is expressed as the residual
effective rate {(d). At the start of the vaccination,
day d = 0, the effectively vaccinated individuals are
represented by V(0) = &/{(0)Wq4(0). On day d after
vaccination, the effective vaccinated individuals on
the first day change to o{d)Wq(0), reduced by the
residual effect of ((d). Similarly, the effective
vaccinated persons &{(0)Wq(i) among the persons
vaccinated on day i is reduced to &o(d-i)Wq(i) on
day d. Therefore, the total effective vaccinated
persons V(d) is determined as the sum of all
effective vaccinated persons from the first day of
vaccination to day d, as follows.

V(d) = o 2% {(d — )W4(i)  Equation 11

Once the effective vaccinated persons in the jth
vaccination are determined as Vj(d), the total
effective vaccinated persons V(d) is assumed to be
given by the sum of the effective vaccinated persons
up to the number of vaccinations m. Thus, we have
the following equation:

Vi(d) =27, Vi(d) Equation 13
The total effective vaccination rate for the whole
population Np is given by:

&(d) = Vi(d)/N, Equation 14
The residual effectiveness ((d) over time is
expressed using the following sigmoid function.
{(d)=1/[1 +exp (c(d —1))] Equation 15

Control method for the number of persons tested
T using the number of daily positives Rq

We next consider how to increase the number of T
to increase the removal rate y, especially in the early
stages of an epidemic, from the point of view that
strengthening the testing system in the early stages
of the infection spread is the key to controlling
coronavirus infection. As Ry is the only quantity to
be measured, we consider using the most recent
ratio Rq(d—1)/Ra(d—2) for T control. The ratio of
Rg(d—1)/Rq(d-2) is written as:
Ra(d —1)/Rq(d —2) =
(Ya-1/va-2)U(d - 1)/1(d — 2)}
(Ya-1/Ya-2)(1 + Ba—1—Ya-1)

Equation 16
The variables d for g and y are shown here in a
simplified form with subscripts. If we assume that T
are given by:

T(d) = [Rq(d — 1)/Rq(d = 2)]T(d — 1) =

(Ya-1/Va-2)(1 + Ba—1—Va-1 )T(Cigq_uzla%ion 17

T would increase by the ratio of the 1-day prior
increase in I, 1 + B4.1— ya.1, multiplied by the ratio of
the 1-day prior removal rate. In principle, T must be
increased in proportion to 1(d-1)/1(d-2) as follows:
T(d) =(1 4+ Bq—1—Yq-1)T(d —1) Equation 18
Therefore, if we assume that:
T(d) = {1+ a(Ra(d —1)/ Ro(d =2) ~1)}T(d —1)
Equation 19,
then equation 19 coincides with equation 17 when
o.= 1. Furthermore , when yd-1/yd-2= 1, equation 19
equal to equation 18. Because yd-1/yd-2can be
expressed as 1 + dd-1, applying this to equation 16
and substituting it into equation 19, we obtain:

T(d) =[1+a(@g-y +Ba-1 —va-IIT(d—1)

The effective vaccination rate for the total Equation 20,
population Np is given by the following equation.

§(d) =V(d)/Ny Equation 12
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where dd-1can be considered as the same level as
Bai1— Yya1. If =1, this would lead to an
overestimation of the increase in T(d)/T(d—1) during
periods of expansion and an excessive decrease in
T(d)/T(d-1) during periods of decline , compared to
equation 18. In practice , the choice of a =~0.5 is
considered appropriate when dis comparable to g —y.
However , when yq.1/y4-2iS close to 1 as in the case of
slow expansion and contraction , we can use a= 1 and
equation 20 becomes closer to equation 18. Above
mentioned T control based on equation 19 was applied
to the 6™, 7", and 8"waves to clarify the suppression
effect on the spread of infection.

Results

Infection rate g, the removal rate p, and effective
reproduction number

Figure 3 shows the calculated results of gand yfor
each Rdshown in Figure 1. The number of days in
the interval is usually several days , but the
minimum is two days, and the identified S and yare
shown as a series of fine step changes . The
logarithmic plot in the upper part of Figure 3 shows
not only the actual data of T and R, but also Rdand
| calculated by equations 5 and 6 using the
identified gand y. We note that the calculated Rais
in excellent agreement with the actual value Rd. The
calculated number of infected persons I varies almost
similarly to the Ra.

The general trend is that g is between 0.2 and 0.4 and
yis around 0.3 in waves 3 to 5, whereas fis between
0.3 and 0.8 and yis between 0.3 and 0.5 in waves 6 to
8, indicating a general increase . This may be the
result of a shift from the alpha and delta strains up to
wave 5, and further on to the more infectious omicron
strain in waves 6 to 8. When the Rd of each
wave  reaches its maximum , y reaches its maximum
with the same value of gand f/y= 1 holds . The
reaches its maximum at the time when the rate of
increase of Rdreaches its maximum . This is due to
the properties of the infection model , where infected
individuals |are generated by f, and Rais isolated by y.
After the 5" wave contraction , f=0.285 and y=
0.288 on 12/1/2021 , while f reaches its maximum
value of 0.781 on 1/4/2021 when Rdincreases most
rapidly. On the other hand, y reaches its maximum value
of y=0.489 on 2/7/2022 , when Rd reaches its
maximum value . The 6" wave shows a very peculiar
change compared to the other waves , with a rapid
increase and decrease of 5.

The change in f—yis very similar to the behavior of
B, with a sharp increase to 0.457 in the 6"wave on

1/4/2022. p—y corresponds to the slope of the
logarithm of Ry, and the slope is steepest around this
date. The change in the effective reproduction
number p/y also follows a similar trend to that of
S—y. The maximum value in the 5" wave is fly =
1.43, and the maximum value in the 6" wave is fly
= 2.41, 1.68 times that of the 5" wave. This is
consistent with the prevailing reports that the
infectivity of omicron strains is 1.5 to 2 times that
of delta strains. This may indicate that the stronger
omicron infectivity is one of the reasons for the
rapid increase in the number of A in the 6™ wave.
The changes in # and y in waves 7 and 8 are similar
to those in wave 6, except for the sharp increase in
B, which is progressively smaller. During the
expansion period, £ is larger in the 61" wave than in
the 71" wave, but the maximum value of Ry is larger
in the 71" wave than in the 6" wave. This is due to
the value of Ry at the beginning of the expansion,
which was 57 in wave 6 and 1,116 in wave 7, 40
days before the day of the Rq maximum. The fact
that the 7" wave occurred before the 6" wave had
sufficiently declined could be the reason why the 7
wave produced the highest number of positives.
This is due to the appearance of the omicron-
derived strain of BA.5 as seen in Figure 1.

Relationship between the removal rate y and the
number of persons tested T

Figure 4 shows y determined in the previous sections
separately for the expansion and contraction periods
for each wave, as a function of T. Although the
overall results are uneven, y tends to increase as T
increases. For each wave, y shows a clear linear
change with respect to T. Therefore, regression lines
were plotted for all waves from wave 3 to 8, wave 6
only, wave 7 only, and wave 8 only. The resulting
regression line equations are shown in the figure.

The resulting regression line equation for the wave
6 (yellow line) is clearly in the upper zone, while
wave 7 (brown line) is in the lower zone, and wave
8 (red line) is in the lowest zone, compared to the
regression line for the whole wave (black line). In
the 7" wave, both y in the expansion period and y in
the contraction period show little variation from the
regression line, and the proportionality of y to T is
evident. In contrast, the 8" wave shows separate
trends in the early expansion (10/11/2022 to
11/22/2022), mid-expansion  (11/23/2022 to
1/15/2023), and contraction (1/16/2023 to
2/28/2023) periods. For the simulations, a
regression line for the early expansion period is also
shown in Figure 4.
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Impact of effective vaccination rate

The effectiveness of vaccines has been analyzed and
evaluated by the WHO and other organizations, and
the initial effectiveness and duration of the vaccine
have been published . Effectiveness  varies
considerably depending on the type of vaccine, the
type of coronavirus, and the age groups vaccinated.
Initial efficacy rates range from the upper 90% to
the lower 40%. The effective rate is said to maintain
the initial effectiveness for several months, but the
effectiveness declines significantly after 5 or 6
months (17,18). In this paper, with reference to the
literature (17,18) and other sources, we assume the
following conditions for the effectiveness of mMRNA
vaccination in Tokyo: 1) The effect occurs 2 weeks
after vaccination, 2) The initial effective rate is eo=
0.8, 3) The residual effective rate (is defined as: a) ¢
a: The {changes from 0.99 on the first day to 0.4
after 180 days (the effective rate decreases from 0.8
in the initial period to 0.32 after six months.), and b)
{b: The {changes from 0.99 on the first day to 0.1
after 150 days (the effective rate decreases
significantly from 0.8 in the initial period to 0.08
after 150 days).

The results of the effective vaccination rate
calculated from the Corona vaccination data in
Tokyo are shown in Figure 5. Figure 5 shows R4, &
from the first to the fourth vaccination, and £and &
for each vaccination and for the total vaccination .
The first vaccination started on 4/21/2021, followed
by the second vaccination 12 days later on 5/3/2021.
As almost all the persons were re-vaccinated within
a few weeks, the effective vaccination rate was
calculated from the second vaccination. The residual
effective rates (aand {band their parameter values of
c and t are shown in Figure 5. The effective
vaccination rate &for each of the second, third, and
fourth vaccinations starts to increase two weeks
after the corresponding published vaccination rate &
, reaches a maximum value after 4~5 months, and
then decreases after 6~8 months. The difference in
the characteristics of the effective residuals is that
the {bcase loses its effectiveness 2~3 months earlier
than the (acase, and the maximum effective
vaccination rate is also more than 0.1 smaller than
that of the acase. The maximum value of &for each
vaccination is much smaller than the published
vaccination rate &for the corresponding
vaccination.

Under the condition of the residual effective
vaccination rate (afor the second vaccination , the
maximum value of the &is 0.507 on 11/14/2021,
which is 66% of the corresponding the value of the
published vaccination rate of 0.733. The total
effective vaccination rate &, which is the sum of the

results of each vaccination, reaches a maximum
near the maximum value of the ¢& for each
vaccination and a minimum near the beginning of
the third and fourth vaccination.

The total effective vaccination rate ¢tshows the
effect of vaccination on each wave. In the 5mnwave,
Rdadecreases as ¢tincreases, and when the &reaches
its maximum , the Rdremains at the lowest level of
around 20. As the &decreases, the 6" wave begins to
increase rapidly and reaches its maximum peak
when the &is at its minimum . The minimum value
of &is 0.34 for the case of residual effect (a, but is
much smaller at 0.12 for the case of (b. The
magnitude of the effect on the suppression of the 6t
wave expansion was small for (b. It can be said that
the start of the third vaccination was delayed even
though the effect of the second vaccination had
decreased significantly . The gshown in Figure 3 is
the value when the vaccination effect is at work. If
the infection rate in the absence of the vaccination
effect is defined as fo, it is given by fo= pI(1-&).
Therefore, the rate of decrease of Srelative to fois &
= (Bo—P)!So. Because &iis 0.205 (for ¢b) and 0.426 (
for {a) when preaches its maximum (0.781) in
wave 6, the maximum value of fowould have
temporarily reached 0.983 and 1.36 (cluster
infection), respectively. When Ruqis at its maximum,
Sis 0.493 and f/y = 1, and the reduction effect & for
Sand B/y due to vaccination is 0.125 (for ¢b) and 0.
346 (for &).

After the third vaccination , the effective rate starts
to increase again. ¢reaches its maximum around the
time between the 6™and 7" wave, suggesting that the
total effect of the second and third vaccinations
contributes to the reduction of g by 0.37 (for {b) and
0.5 (for &a).

The 7"wave increases as ¢;begins to decrease and
reaches its largest peak when &is around 0.2 (for ¢b)
to 0.4 (for {a). When gis at its maximum (0.523),
the rate of decrease &in fSrelative to fois 0.191 (for
{b) and 0.398 (for {a). When Ruqis at its maximum,
is 0.425, /y = 1, and ¢&is 0.153 (for ¢b) and 0.369 (
for (a). Therefore , if the actual vaccine
effectiveness was close to (a, it can be said that the
vaccination played an important role in reducing the
infection rate from the beginning to the peak of
wave 7.

However, from the assessment (17) that the vaccine
effect was lower for strain BA.5 in wave 7 than for
strain BA.1 in wave 6, it is likely that the residual
effect rate (breflects the real situation. Although the
&eontinued to decline, the Radecreased thereafter in
wave 7. It is thought that vaccination did not have
much effect during the contraction period of wave 7,
and that factors such as the expansion of the
inspection system were more effective.
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The 8™ wave began when & was close to a minimum
level. By the time Rq had risen to a maximum, ¢& had
almost caught up with the increase in Ry due to the
fourth booster vaccination. It is then likely that
wave 8 decreased due to the higher value of &.
When Ry is at its maximum, g is 0.365 and gy = 1,
and & is 0.253 (for &) and 0.308 (for ¢z). Although,
the published vaccination rate & for the fourth
vaccination is low, at only 0.4, the & is in the range
of 0.3 to 0.4, and the vaccination effect in wave 8 is
comparable to the cases in waves 6 and 7.

Impact of T control in suppressing epidemic
waves

Suppressive effect of T control on the 6 wave of
infection

First, for the 6" wave, in which the effective
reproduction number pfy increased to 2.4, we
calculated how much suppression of infection is
achieved when the number of persons tested is
controlled, based on

T(d) = {1 + a[Ra(d=1)/Rq(d=2) =11} T(d-1)
during the period of infection spread . In the
simulation , ywas first calculated using the
equation y= 0.2716+8.070x1075T, which is the
average relationship between yand T in the 6"wave
identified in Figure 4. 1(d) = exp(Ba—ya)1(d—1) was
then calculated using the y and the infection rate fa.
Daily positives Rd(d) = yal(d) was then calculated .
The start of T control was changed from the start of
spread when the actual daily positives
Ra(d+1)/Rq(d) >1 occurred on three consecutive
days. d+1 was defined as the start of spread and N =
3, 10, 20 and 27 days thereafter were chosen as the
start dates of T control. The start date of the 6"wave
of infection spread was 12/13/2021.

Figure 6 shows the number of persons tested T, the
number of persons infected in the city | and the
number of daily positives Rq for each test day in
brown, black and red, respectively, for the case o =
05 with N = 10 (d = 12/23/2021), 20 (d =
1/2/2022) and 27 (d = 1/9) as control start dates.
The infection rate f, the removal rate y and the
effective reproduction number f/y are shown in red,
blue and black respectively in the lower part of the
figure. In Figure 6, the thick dotted lines indicate
the actual values of T, Rq and the calculated values
of I, B, y and ply. The simulation results with T
control are shown as thick solid, thin solid and
marker x for N = 10, 20 and 27 respectively. The
thick dashed line shows the case where
T(d) = {1+0.5[Ra(d—4)/Ra(d-5) —1]} T(d-1) using
the Rg values from four and five days ago in
equation 19. From this, the following can be said:

1) The actual maximum value of Ry is 11672
persons on 2/7, but the maximum value of Ry in the
T control is 836 on 1/14 when N = 10, 2094 on 1/19
when N = 20 and 4991 persons on 1/23 when N =
27. The maximum value of Ry is reduced to 7, 18
and 43% of the actual value. Furthermore, the day
of maximum Ry is 24, 19 and 15 days earlier for N =
10, 20 and 27 respectively. The maximum value of
Ra(d)/R¢(d—7) was 10.3 on 1/8 day of N = 26.
Therefore, if the T control had been initiated on that
day, the maximum value of Rq would have been 1/2
of the actual value 15 days earlier. For N = 10, if
Ra(d—4)/R4(d-5) and the data from four days ago are
used for T control, the overshoot phenomenon
occurs with a time lag in the increase of T, Rq, and I.
It is therefore important to use the most recent rate
of increase of Rq for T control.

2) T control according to equation 19 was
performed during the contraction period of Ry after
the start date N. As shown in the upper part of
Figure 6, after Ry reaches its maximum value, it is
reduced almost in parallel with the reduction
characteristic of Rq in the actual case. During the
contraction period, T can be reduced by T control,
but the controlled T value is almost the same as the
actual T, except for some periods. However, it is not
clear why the controlled T value stagnates at around
20,000 persons from 3/1 to around 3/31, and the
controlled Rdand lalso show the same trend. The
characteristics of the 6" wave y = f(T) shown in Figure
4 probably cannot be represented by a single
regression line , and the difference between the
regression line used and the actual values is likely to
have an effect . The gand f/y in the lower part of
Figure 6 also deviate from the actual values during
this period.

3) The lower part of Figure 6 shows that the
removal rate y can increase and cross the line of 8
corresponding to the time when Ry reaches a
maximum and p/y decrease to 1, as quickly as N
decreases. Although the transient behavior of gy is
not clear around day 1/4, the maximum value of Sfy
is reduced to 2.14 at N = 10 but does not change in
other cases.

4) The simulation shown in Figure 6 uses the
actual value of 5. However, in the actual T control,
is also changed to be lower than the actual value due
to the T control. Therefore, the result in Fig. 6 is the
worst case, and Rq and | are considered to shrink
faster in reality than the results in Figure 6.

Next, the variation of the T control characteristics
with varying « is shown in Figures 7(a) and 7(b).
Figure 7(a) shows the changes in T, | and Ry due to
T control for « = 0.75 with N = 10 and 20, and for a
= 0.35 with N = 10. For a = 0.75 and N = 10, the
suppression effect of the T control is greater than for
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a =0.5and N =10 in Figure 6. During the start-up
process, Rq reaches a maximum value of 412 on 1/8
day, which is reduced to 3.5% of the actual
maximum value of Ry of 11672. However, the small
transient oscillation occurs in the control value of T,
which then induces the small similar variations in Ry
and I. This phenomenon will be caused by the
overestimation of the control coefficients due to the
removal rate y and the time delay of the control
coefficients. On the other hand, for N = 20, Rq
reaches a maximum value of 879 persons on 1/14
day, which is 7.5% of the actual value and therefore
almost the same as for N = 10 with o = 0.5.
However, the decrease in Rq after two months is 1.5
to 2 times greater for & = 0.5 and N = 10. In the case
of o = 0.35, N = 10, Ry reaches its maximum value
of 2175 persons on day 1/22, after which it
decreases more rapidly than in the case of a = 0.75.
The maximum value of Ry is therefore 19% of the
actual value 16 days earlier than the actual value.
From Figure 7(a), o = 0.75 is considered preferable
for T control because the variation of T is small
enough to be allowed. The earlier the control starts,
the better. However, in practice it may not be easy
to increase T as calculated, so this theoretical value
can be considered as a target for the desired number
of persons T to be tested.

Figure 7(b) shows the simulation results for N = 3,
10, 20 and 27 when « = 1. When « = 1, not only Rqg
and I, but also the control variable T, experience
strong overshoot oscillations after the start of the
control for N = 3, 10, 20 which is not practical. The
reason for this is that the control coefficient is
amplified by the factor y(d-1)/y(d—2) during the
high infection expansion phase, resulting in the
transient oscillations in the second order system.
Because the relationship between T and y in the 6%
wave was known, the T control was carried out
using the following equation for a = 1, cancelling
the effect of y(d-1)/y(d-2):

Ra(d — 'l)} {}'(d -2
Ry(d—2)) (y(d —1)

T(d) = { ]T(d -1

Equation 21
Figure 7(c) shows the simulation results for N = 10,
20 and 27. Compared to Figure 7(b), the violent
oscillation amplitudes of T are significantly
suppressed; Rq and | still have small oscillations.
The control law in equation 21 cannot be used
because the relationship between y and T is
unknown. Therefore, it is considered advisable to
use equation 19 with a = 0.5~0.75 as the T control
target and to set up a control system.

Suppressive effect of T control on the 71" wave of
infection

Next, we describe the simulation results when the T
control is applied to the 7" wave, which caused the
largest number of COVID-19 cases in Tokyo. For
the simulation of the 7™ wave, the regression
equation y = 0.2998+3.488x107°T of the relationship
between y and T in the 7" wave shown in Figure 4
was used. First, the results of the T control are
shown in Figure 8(a) when o = 1 and N = 3, 10 and
20 from the beginning of the expansion, and when «
=0.5and N =10 and 20. The actual values of T and
Rg for the 7" wave and the estimated infected
persons in the city | are shown as brown, red, and
black dotted lines, respectively. The minimum Rq
value between the 6™ and 7" wave is 1116 on 6/16
and the start of the continuous rise is on 6/17. The
Rq reached a record high of 19720 on 7/26.

In contrast, the Rq of the T control with « =1 and N
=10, shown by the thick dashed red line, reaches its
maximum value of 6291 on 7/15, i.e., 11 days
earlier than the actual date, and falls to 32% of the
actual Rqg maximum value. It then falls again, but
reaches a second peak of 6118 on 7/25 close to the
date of the actual Rq maximum. This may be due to
the fact that the actual value of Ry reaches a local
maximum on 7/15, then a local minimum of 11360
on 7/17, and continues to rise. Synchronously with
the actual value of Ry, the controlled value T also
increases after maxima and minima, and the
controlled values of Rq and | are thought to follow
the same pattern.

The control result of Ry after the second maximum
on 7/25 shows a slightly slower decrease than the
actual value of Rq, which may be due to the control
value of T decreasing slightly faster than the actual
T value. The control result for N = 3 is shown as a
thick solid line for reference. In this case the
maximum value of Ry is only 84% lower than for N
= 10. The control results for & = 1 and N = 20,
shown by the thin solid line, show a first maximum
Rq of 9734 on 7/16, which is 49% of the actual
maximum, and a second maximum of 10316
persons on 7/26, which is 52% of the actual
maximum. The T control values for N = 3 and 10
overlap after the first maximum of Ry on 7/16.

Next, looking at the case where a = 0.5, Rq has a
maximum value of 16034 on 7/26 when N = 10,
which is only 81% of the actual value. The
subsequent rate of decrease of Ry is slightly faster
than the actual value probably because the number
of T increases slightly more than the actual value. In
the case of N = 20, there is almost no effect of the T
control on the reduction of Rq. From these results it
can be said that in the 7" wave, the maximum value
of Rq can be suppressed to less than 1/3 of the actual
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value if T control is performed at « = 1 and N = 10
or less.
Incidentally, Figure 8(b) shows the simulation
results when T control based on equation 21 is
started at N = 3, 10 and 20. Compared to the case
with o = 1 in Figure 8(a), the degree of reduction in
the maximum value of Rq is about 40% for N = 10,
but the required number of T also decreases
consistently.
The above results indicate that in the 71" wave, the
reduction effect of Rq by T control is significantly
smaller than in the 6" wave. The reason for this is
probably that the test system in TMG was
significantly strengthened compared to that in the
6™ wave.

In fact, the TMG has announced in its "TMG

Inspection System Improvement Plan for New

Coronavirus Infections (Revised on April 28 2022)"

that, based on the maximum number of cases tested

at the peak of the 6™ wave, which was the largest
ever, a total of approximately 290,000/day is

secured (a maximum of approximately 100,000

cases/day for administrative testing, a maximum of

about 40,000 cases/day for distribution of antigen

kits to close contacts, a maximum of 100,000

cases/day for TMG own testing and a maximum of

about 100,000 cases/day for distribution of antigen

Kits to close contacts).

In addition, to strengthen the inspection system

from April, the following measures were taken:

1) asmooth consultation system by announcing of
all medical institutions for examination and
treatment;

2) strengthening the capacity of medical
institutions and private inspection institutions to
analyze tests (equipment assistance);

3) encouraging an increase in the number of
facilities subject to intensive testing and the
frequency of implementation; and

4) using the continued involvement of staff who
have become concentrated contacts in
institutions subject to intensive testing for
testing (19).

On August 17, the Ministry of Health, Labor and

Welfare announced that to overcome the shortage of

medical treatment and testing facilities (fever

outpatient clinics), antigen test kits would be made
available as over-the-counter (OTC) drugs, and
citizens would be able to obtain and test them
individually at drugstores and on the Internet, with
positive results reported to the registration center
and others for health monitoring guidance (20). In

view of the strained medical situation of the 7%

wave, Japan was finally able to obtain antigen test

kits at a level like that in Europe and the USA.

Suppressive effect of T control on the 8" wave of
infection

Finally, we describe the simulation results when T
control is applied to the 8™ wave, in which the
maximum value of Ry was 9552 on 12/25/2021. As
shown in Figure 4, the 8™ wave shows different
characteristics of the removal rate y with respect to
T in the early, middle and reduction periods,
possibly due to the occurrence of omicron-derived
species. First, calculations using the averaged
regression line equation y = 0.2661 + 3.917x10°T
throughout the expansion and contraction periods
showed inappropriate characteristics. Then, the
regression characteristic y = 0.2600 + 6.882x10°¢T
in the early expansion period was used for the T
control simulation, and reasonable results were
obtained, as shown in Figure 9.

It has been shown by the red dotted line in Figure 9,
the actual value of Ry between waves 7 and 8
reached a minimum of 1706 persons on 10/10/2022
and increased for three consecutive days from
10/11, so 10/11 was defined as the zero date for the
start of the expansion. The simulation results for T, |
and Rq under T control with a = 1 after N = 3
(10/14), 10 (10/21) and 20 (10/31) days from the
expansion start date are shown with a marker x, a
thick solid line and a thick dashed line, respectively.
The results of T, I and Rq when the T control was
performed at N = 10 and 20 days with o = 0.5 are
shown as thin solid and dashed lines, respectively.
The actual value of Ry has a small maximum on
10/17, followed by a minimum on 10/21, and then
increases almost monotonically to a maximum of
9552 on 12/25 and a second maximum of 8337 on
1/10/2023.

First, we focus on the results of the T control for a =
1 and N =10, because the T, | and Ry for o = 1 and
N = 3 marked with x coincide in most regions with
the T, I and Ry for « = 1 and N = 10 shown by the
thick solid line. Ry shows a first maximum of 3720
on 11/11 and a second maximum of 3607 on 11/23,;
thus, the second maximum due to the T control
shows a maximum of 38% of the actual value 30
days earlier and then decreases by about 2/5 of the
actual value. For N = 20, Ry shows a maximum of
4379 on 11/11 and a maximum of 4206 on 11/23,
with the second maximum decreasing to 44% of the
actual maximum 32 days earlier, and then
decreasing at the same rate as for N = 10. On the
other hand, the number of T for N = 3, 10 and 20 is
almost the same after day 10/31. The number of T
required to suppress the maximum value of Ry
should be increased to about 1.4 times the actual
value around 11/12 in the early expansion stage,
whereas the value of T in the T control during the
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contraction period after about 11/30 days is
significantly smaller than the actual value. This is
because the increase in Rq is suppressed by the
increase in T in the early expansion phase, allowing
Rq to be efficiently reduced with less T in the
contraction period. Therefore, in any epidemic
wave, providing the number of T calculated by the T
control equation in the early stages of infection
spread will allow the peak of Ry to be much earlier
than the actual case and the number of T in the
contraction period to be reduced.

The results for & = 0.5 and N = 10 and 20 show that
the T values are almost the same after 10/31. The
red thin solid and dashed lines for N = 10 and 20
show that the maximum value of Ry is 5202 and
6211 on 11/25, 54 and 65% of the actual value,
respectively. The smaller «, the smaller the increase
in T and the smaller the decrease in | and Rq, so the
T control with o = 1 is suitable for the 8" wave.
However, compared to the 61 wave, the reduction
effect of the T control on Rq and I is much smaller.
The reason for this is that, as in the 7 wave, free
test Kits were provided to educational, medical and
welfare institutions, and citizens were in an
environment where they could obtain test Kits as
needed.

In Figure 9, when o = 0.5 and N = 20, the calculated
I and Ry during the infection spread period are
slightly larger than their actual values, which is
inconsistent result. The reason for this is that the
average relationship between y and T during the
spread period used in the T control law differs from
the actual characteristics in this region, as can be
estimated from Figure 4. The similar simulation
results were obtained when the averaged regression
line equation y = 0.2661 + 3.917x10°T was used.
The T control by equation 19 automatically acts on
the relationship between y and T in real time, so this
problem cannot occur.

The above results show that even when the test
system is well established, the T control with a = 1
can suppress the maximum value of Ry to about
40% of the actual value one month before, and then
change to a declining phase if the start date of the T
control is within 10 days of the start date of the
outbreak.

Discussion

As mentioned in the analysis of the 5" wave (5),
when effective reproduction number = g/y = RN > 1,
the only way to reduce the RN below 1 is to restrict
social activities and human flows and intensify
vaccination so that the infection rate g becomes
S’ < BIRN, or to intensify testing activities so that the
removal rate y increases to y’ > RN x y. During the

two and a half years of the COVID-19 epidemic from
2020 to mid-2022, the medical administration in
Japan and the city of Tokyo was mainly devoted to
reducing by restricting social and economic

activities . The importance of policies to increase y
seems to have been overlooked . The previous paper
(5) showed that the peak of the 5"wave could have
been suppressed to less than half if the number of
tests had not been halved during the consecutive
holidays of the Olympic opening and closing events.
In this paper, we find that the size of the peak in daily
positives Rdis strongly determined by the daily
expansion ratio of Rdin the early expansion period
and propose a general method to suppress p/yin the
early expansion period by increasing the number of
persons tested T in proportion to Rd(d)/Rd(d-1).

In Japan, the rapid decline in Rafrom mid-August to
the end of September in the 5"wave, is thought to be
mainly because of the vaccine. Indeed, the rapid
decline in gfrom mid-August to mid-September in
Figure 3 is thought to be due to the vaccine effect.
However , it should be noted that the y value did not
decrease much during this period, and Rd decreased
rapidly because f—y continued to take large negative
values. Despite the large increase in garound 10/6, y
also increased in response to this, so that Ra< 40 was
maintained from 10/21 to 12/26. Because the daily rate
of increase in positives |is—y, we can compare the
contribution of vaccination to the decrease in f—y with
that of y. Using the infection rate foin the absence
of vaccine , f=fo(1-¢1), so that f—y = fo— Boéi—y.
Therefore, the effects of vaccination and testing can
be compared quantitatively using the values of fo&t
and y. Table 1 compares the values of foé: and y every
30 days from 7 Aug 2021 to 28 Feb 2023, obtained
from the pand yin Fig. 3 and & for Cain Figure 5.

Table 1 shows that foét is one third of y even in the 5t
wave contraction period on 9/6 and becomes two third
on 10/6 and almost equal to y on 11/5 and 12/5.
Therefore, the main reason for the rapid decline of Rd
in the 5"wave from mid-August to the end of
September is mainly attributed to the effect of y. The
long period of suppression from October to the end of
December was equally supported by the effects of
vaccination and testing . The effect of foltwas
unusually larger than y on 1/4, but as can be seen from
Figure 3, this was due to a steep increase in f.
However , the effects of foétand y are comparable

around dates 1/2 and 1/9. During the peak of the 6™
wave, from 2/3 to 3/5, foét was less than 60% of y.
During the period from 4/4 to 8/2, from the
decreasing phase of the 6tnwave to the peak of the 71"
wave , it was increased to 60—90% of y. This trend
corresponds to the wave shape of the vaccine effect &t
for Cain Figure 5. It can be concluded that vaccination
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had a suppressive effect on infection from the period
of convergence of the 5mhwave to the peak of the 7w
wave, which was almost as large as the yeffect.
However , between 9/1 and 2/28, immediately after
the peak of the 7"wave, foét effect was less than 50%
of the y effect. This was due to the warning effect of
the third vaccination and a marked decrease in the
vaccination coverage of the fourth vaccination, which
started around 31 October. As mentioned before,
around high Rqvalues in the 7"and 8" waves , the
effect of the testing system in reducing Rdawas almost
saturated , suggesting that the maximum value of Rd
could have been suppressed by increasing the
vaccination rate.

The delayed response of the testing regime in the
early stages of the 6inwave expansion may have been
dominated by a sense of relief from the 3-month
period of reduced Rd. Indeed , following the
convergence of the 5"wave, Rqy< 40 was maintained
for more than two months from 10/21/2021 (y=0.
283) to 12/25/2021 (y= 0.334). However , in the
following week, on 1/1 (y=0.324), Raincreased by a
factor of 1.71. However, Ri= 66 was in double
digits, so it is unlikely that they felt very threatened.
However, the next week later, on 1/8 (y = 0.373), the
Ranumber increased by a factor of 9.39 to 619. This
rapid increase was partly due to the high infection
rate of Omicron derivatives, but also to the fact that
the average number of tests during the five-day
period from 12/31 to 1/4 was reduced to 82% of that
in the period from 12/26 to 12/30 due to the New
Year holidays. Therefore, one week later, on 1/15, y=
0.426, and the rate of increase in Radecreased to 4.44
times. In Figure 6, the start dates of 7 control for N =
10, 20 and 27 correspond to 12/23, 1/2 and 1/9,
respectively, so it would have been difficult to start T
control at N = 10 and 20. However, it should be noted
that starting on 1/9 of N = 27 would have allowed the
peak of Rdato be passed less than 1/2 of the actual
peak value two months earlier. Therefore , it is
important to start T control as early as possible to
suppress the peak of the epidemic wave.

In Figure 4, the proportionality factor of yto the
number of persons tested T is higher for wave 6 than
for the other waves, indicating that the efficiency of
finding positive persons through testing is high. On
the other hand, for waves 7 and 8, the efficiency of y
with respect to Tis lower than the overall average
value in the region where the number of tests T and Rd
are large . However , the increase factor of y with
respect to T is higher than the average value in the
early stages of the expansion, suggesting that the
maximum peak of Rdcan be reduced by more than
half if T control is started within N = 10, as described
in sections 3.4.2 and 3.4.3.

In the future , experts in infectious disease

epidemiology and economists will need to work
together to use COVID-19 data to determine the
relationship between economic losses due to reduced
economic activity and the rate of decrease in 3, the
cost of vaccine purchases and vaccination regimes
and the rate of decrease in $, and the costs of testing
regimes and the rate of increase in y. It is also
expected that a comprehensive assessment will be
made as to how much human and economic resources
can be invested in strengthening vaccination and
testing activities to maximize the cost-effectiveness
of suppressing infectious diseases, while limiting the
loss of national economic capacity due to reduced
economic and social activities. We hope that the
analytical methodology of this study and its
application to waves 6, 7, 8 will serve as a reference
for future consideration of such comprehensive

policy for the control of infectious diseases.

Conclusion

In this paper, we first formulated a simplified IR
theory, in which land R include both exposed and
symptomatic , suitable for the COVID-19 epidemic
analysis. The IR model was then used to analyze the
epidemic situation in the 6™, 71, and 8" waves in
Tokyo . A numerical analysis method was
formulated to analyze the number of infected
persons in the city /, the infection rate g, the
removal rate yand the effective reproduction
number f/y from the data on the daily number of
positive cases Rd. The transition of these quantities
from the 3"to the 8"wave was clarified. In wave 6,
caused by the omicron variants, the infection rate
and the effective reproduction number increased
dramatically to 0.78 and 2.4, respectively, in the
early stages of expansion, leading to an increase in
Rdand a strain on the medical system due to delays
in the testing system and a shortage of test Kits. In
waves 7 and 8, the quarantine and testing systems
were significantly strengthened , but the high
infectivity of the omicron-derived strains resulted in
even more positive cases in wave 7. Taking into
account the changes in vaccination rate over time
and the effect of suppression of infection rates, we
assessed the overall effect of the second, third and
fourth booster vaccinations in reducing infection
rates and found that the effect of reducing infection
rates and effective reproduction number at the
maximum of waves 6, 7 and 8 waves was 13-35, 15
—37, and 25-31%, respectively . Furthermore , we
also showed how the effect of vaccination on
reducing infection rates can be assessed in
comparison with the effect of removal rate.
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Next, to restrict the spread of infection, we devised
the T control approach, in which the number of
people tested T7is proportional to the rate of
increase in Rda. We simulated the impact of applying
this strategy to waves 6, 7, and 8 using the measured
relationship between T and y in each wave. The
results revealed that in wave 6, the maximum value
of Racould be reduced to less than a tenth of the
value three weeks earlier when the 7'control method
was applied 10 days after the start of the expansion,
and to half of the value two weeks earlier when the
T control method was applied 27 days after the start
of the expansion. In contrast, the quarantine and
inspection regimes in the 7"and 8"waves were
greatly intensified when compared to the 6mwave.
However , if T'control was implemented within 10
days of the start of the expansion, the maximum Rd
in the 7"wave might be reduced to 1/3 of the real
maximum value, and to 40% of the actual value one
month before the actual maximum date in the 8"
wave.

We believe that the new IR theory of infectious
disease, the method for calculating the infectious
population in the city, the infection rate, the removal
rate, and the overall vaccination effect, as well as
the T control method , will be a powerful tool for
quantitatively evaluating the spread and contraction
of the epidemic wave and future infection
prevention measures . We hope that in the near
future, infectious disease theorists and economists
will collaborate to determine what policies will
maximize society's cost-performance ratio, taking
into account the loss of national expenditure and
human power due to reduced socioeconomic
activity and infection rates, the cost of vaccination
regimes and infection rate reductions, and the cost
of testing regimes and removal rate increases . We
feel that this study will supply the necessary
materials for this project.
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