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« SEIR model

S infection E onset | removal R
Susceptible ~ Exposed @ nfectious @l  Removed

 We add more groups according to the vaccination times:

Sn En In Rn

Vaccinated n times

Susceptible Exposed Infectious Removed

n=1,2,3. Here, n=3 means the boosting shots and includes vaccinated four times.

November 3, 2022 13



« SEIR model

Unvaccinated

Vaccinated once

Vaccinated twice

Boosting vaccinated
(more than 3 times)

|
|
L
-

November 3, 2022
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« SEIR model

Unvaccinated :
t Time (day)
S’(t) = =A(t)S(t) — v15(¢t), 103) Force of infection
E'(t) = Mt)S(t) — (e + v1)E(t), £ Transition rate from E to |
I’(t) - EE(t) - (7 & vl)I(t), y Removal rate
R - R 7 Vaccination rate for n-th
(t) =7 (t) - (t) 1-0 Efficacy of the 1st vaccination
B Transmission coefficient

Vaccinated once

S1(t) = v18(t) — aA(t)S1(t) — v25:(¢),

E(t) = v1E(t) + o A(t)S1(t) — (¢ + v2) Er (1), 3 e

I1(t) = v1I(t) + €Ey(t) — (v + v2) 1 (1), Alt) =P !I(t) + Ii(t) + ZZ/O In(t,a)da] .
R (t) = viR(t) + v11(t) — v2Ra(2). .

November 3, 2022 15



« SEIR model

Vaccinated more than twice (n=2,3)

S1(t), = % Jd 0
sut0)={ N ) (3 + 55 ) $n(t:0) = ~POAOS,(t.) ~ 0 (@)S, 1. 0),
v3 [ Sa(t,a)da+ vy [ S3(t,a)da, n=3, .
g 0
S (G} n=2 (g+ 1) Balt:0) = pOAOS(t:0) ~ £+ 0a(@] Enlta)
U3 fT Es(t,a)da + vy fT Es(t,a)da, n =3, o 9
{ va Iy (t), n=2 (a + %) In(t,a) = eEn(t, a) — [y + gn(a)|In(t, a),
vg [ Ia2(t,a)da+ vy 1 I3(t,a)da, n=3, (% + 3i) R, (t,a) = vI,(t,a) — q.(a)R,(t,a),
o a
Ry (£.0) = va Ry (1), n=2,
U3 fT Rs(t,a)da + vy fT Rs(t,a)da, n =3, _J 0, a<T,
qn(a) = g .
n+1, oOtherwise.
a Vaccination age (day) 1—p(a) Age-dependent vaccine efficaty
Vaccination interval by the boosting shot qn(a) Age-dependent vaccination rate for n-th

November 3, 2022 16



Parameter setting (1/4)

* £ = 0.2 : the average incubation period 1/e = 5 days (Lauer et al. 2020)
¥ = 0.1 : the average infectious period 1/y = 10 days (Byrne et al. 2020)
e g = 0.54 : the efficacy of the first vaccination is 1 — ¢ = 0.46 (NIID 2022)
« T =180 days (before 2022/5/25) and 150 days (after 2022/5/25)

* 1 —p(a) = 0.8e7%003a : estimated using the data in (NIID 2022)

Vaceine efficacy

0 20 40 60 80 100 120 140 160 180
Day (a)
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Parameter setting (2/4)

e \accination rate

_ (number of the first vaccination at time t)

t) =
u1(t) [St)+E®) +1(t) + R(t) x N
( (number of the second vaccination at time t) n=9
() = [S1(t) + Ex(t) + L1(t) + Ra(t)] x N ’ -
ol = 1 (number of the n—th vaccination at time t) -
| S [Sn-1(t.a) + Enoi(t,a) + I—a(t,a) + Ry_a(t,a)dax N~

i Data for Tokyo (2021/4/12 — 2022/9/30)
% = T T T T g = =
= P 2nd
5 | D 3rd
. o . ‘E 10 -":f'i'i‘.' :‘ il | L FU ]
https://info.vrs.digital.go.jp/opendata/ = b
Ha | !1” | | Il s | - i
E i
Z:, o e _:,;Llﬂ ‘H ‘ il H i Wi
2021/41 81 1241 202241 8

Time t {day)

:



Parameter setting (3/4)

« To estimate the transmission coefficient g, we fit
Y (t) :=(detection rate §)

X (newly removed ~y [I(t) + I (t) + /:o I>(t, a)da])

x (total population N),

to the actual data of reported cases.

https://www.m3.com/news/open/iryoishin/1017268

« 6 = 0.5 : estimated from the data. =

Partial immunity
o 0.08

o O Data
® 007

2006
5005
2o
E o004
T 003
T 002
0.01
0 51

T T T T T T T T T

1 1 L 1

1 1
2020/7/1 2021/1/1 2021/7/1

Date

2022/11/11

1
2022/11

19



Parameter setting (4/4)

« Estimation of B (estimated epidemic curve)

x10* Tokyo
I I T
- 35 o Data(7-day moving average) ' ' [ 7
L 5| |——Estimated curve
(0]
o
o251
£
s 2
[=5
Li15 -
=Rl
5]
Z 05 | | | | | | |
0 ' I S e !
2020/4/1 81 121 2021/4/1 81 1241 2022/4/1 8/1
Date
2 T
15—

Estimated 3
|

| | I | |
2020/4/1 81 121 2021/4/1 81 1241 2022/4/1 8/1
Date
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Estimation of the herd immunity level

* We will plot four kinds of curves:

> Natural infection Y3 _, M,,(t): proportion of individuals who have been

immunized by natural infection, where
Mo(t) = E() +1(t) + R(t), M(t) = E(t) +1,(t) + R (D),

Mp () = [ [En(t,@) + In(t, @) + Ry(t, @)]da, n=2,3.

> Vaccine (1 —0)S;(t) +Y3_, fooo[l — p(a)]S,,(t,a)da : proportion of individuals

who have been immunized by vaccination.

» Natural infection + Vaccine : sum of the above two functions.

> Partial immunity 1 — S(¢t): proportion of individuals who have been immunized.

2022/11/11 21



In the early stage of the 7th wave (2/4)

« For Japan (2020/1/14 — 2022/7/25)

Vaccine-induced immunity

06 T I | | | |
First and second
0.5 H=——Third and fourth : - - - . . . _

—All

o
=
T

Herd immunity ratio
o o
=] [
I I

a
T

ﬂ |
2i/1A1 31 51 741 9.1 111 2211 an 51 1.
Date

> The herd immunity induced by vaccine has decreased.

2022/11/11

22



In the early stage of the 7th wave (3/4)

« Prediction as of July 2022 (using the last 1 week data)

Newly reported cases

2022/11/11
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8

B_
4_

-

N e ——

«10°

I I I
* Data (7-day moving average)
| |=——Estimated curve
= = =Prediction

22/1/1 21 3/ 41

5/1

Date

6/1

8N

91

101
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In the early stage of the 7th wave (4/4)

« Prediction as of July 2022 (using the last 1 week data)

5
10 10 | | . . | . |
« Data (7-day moving average) ,-
%] v “
Qg | |—Estimated curve | | / \ 3
S = = =Prediction i ¥
g=J *  Actual data after prediction } \
b ] I T T i \ I
E g \
o I LY
O 4+ . . . 5 5
r
< ’
v o2 - | | 4
¥
0 - o | ! —— | | .
22.1/1 241 3an 441 51 6/1 71 81 941 101
Date

e Possible causes of overestimation:

> well-mixed modeling in the whole Japanese population

> transient collective immunity (behavior change, seasonality)
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After the 7th wave (1/5)

« For main 12 prefectures (2020/1/14 —2022/9/14)
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Partial immunity
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L
20/3/1 541 1 9/1 na 21/11
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Date
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Partial immunity
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T T T T
Natural infection 1 1
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Natural infection + vaccine (with waning)
Partial immunity
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After the 7th wave (2/5)

« For main 12 prefectures (2020/1/14 —2022/9/14)

Kanagawa

1 I 1 1 1 1 T T 1 1 \ \ \ T

0.9 H Natural infection 1 T 09 Natural infection 1
208 H Vaccine (with waning) 208 H Vaccine (with waning)
ﬁ 07 H Natural infection + vaccine (with waning) 'E 07 Natural infection + vaccine (with waning)
%. o6l Partial immunity %.05 L Partial immunity
3 e o §
2 05 g 05
Eo04af £04
P03 03 =
To2F Lozl

0.1 0.1

| | | | | L I Z L L L 0 | L L | L I L I L
20/3/1 571 741 941 A 21/1A 34 5/1 71 9/1 1A 2271/ 341 5/1 741 9/1 20/3/1  5/1 1 91 1A 2111 341 541 74 91 1/ 22171 341 541 71 91
Date Date
1 1 \ I I T \ T T T T T 1 1 I I I T \ T \ T T T T

09 Natural infection 1 i 1 1 1 : 09 Natural infection 1 i
008 H Vaccine (with waning) 008 H Vaccine (with waning)
'E 07 H Natural infection + vaccine (with waning) 'E 07 Natural infection + vaccine (with waning)
%.05 L Partial immunity %.05 L Partial immunity
o § | - o §
g 05 g 05
04 04
'g 03+ 'g 03+
T 02 T 02

01 0.1 /

| | | | | ! I I i i ; I | I I 0 | | | ! ! . . I |
20/3/1  5/1 1 91 1A 2111 341 541 74 91 1/ 22171 341 541 71 91 20/3/1  5/1 1 91 1A 2111 341 541 74 91 1/ 22171 341 541 71 91
Date Date
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After the 7th wave (3/5)

« For main 12 prefectures (2020/1/14 —2022/9/14)
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Natural infection 1
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After the 7th wave (4/5)

 The herd immunity level has steadily increased in all prefectures.

* In Tokyo, Osaka and Okinawa, the immunity by natural infection greatly
exceeds the immunity by vaccine. On the other hand, in Hokkaido and
Miyagi, the immunity by vaccine exceeds the immunity by natural

infection. Will the next wave arrive earlier in Hokkaido and Miyagi?

Tokyo Miyagi

T 1 1 T 1 T T T
0.9 H—Natural infection 0.9 H—Natural infection
.2 08 [H{—Vaccine (with waning) .2 pg H=Vaccine (with waning)
E 07 H —Natu_ral_infect!on + vaccine (with waning) *é 074 —Natu_ml_infect!gn + vaccine (with waning)
*E' 06 Bertial immunity %. 08 Partial immunity
205 g0s b
E04 E£04 g
T03- T03 4
fo2k Loz -|
0.1 01 ’//
0 a | I |

I ! ! ! ! . } 1 I I I | I I ! I I I I I ! L I I I
20/3/1 5/ M1 91 17 2114 341 541 741 91 1/ 22/1/1 31 541 71 91 20/3/1 541 741 9/ na 2111 31 51 74 9/1 111 22/1/1 341 5/1 74 9/1
Date Date
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After the 7th wave (5/5)

e The latest reported cases (JHU CSSE COVID-19 Data, Google)

Natural infection > Vaccine Natural infection < Vaccine

Tokyo Hokkaido

o~ -
5524 7816 9g7 108308 -
ReE inE e o 55245 78162 9878 108308

Osaka Miyagi

g B |
585248 78168 9E78 10E30E

d —" L
5E248 7H16B 9F7H 10830E
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Prediction of the next wave

« For main b prefectures (2021/1/1 - 2023/5/1)
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Prediction of the next wave

« For main b prefectures (2021/1/1 - 2023/5/1)
Osaka
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Prediction of the next wave

« For main b prefectures (2021/1/1 - 2023/5/1)

Okinawa
1 Elﬁm% \ T T o R ] o sy
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> In four prefectures except Okinawa, the herd immunity ratio could decrease
to the level at the pre-7th wave before the next spring.
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e Using an age-structured model, we have kept working on the estimation of

the herd-immunity level for COVID-19 in Japan.

 The herd-immunity level has steadily increased in most of prefectures after
the 7th wave. However, the immunity will wane and the next wave could

occur when it decreases to a low level.

* In some prefectures such as Hokkaido and Miyagi, the vaccine-induced

immunity is larger than the infection-induced immunity. The next wave may

come earlier in such prefectures.
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« The following factors are not considered in the model:
> Interaction between different prefectures
> Virus mutation and immune escape

> Behavior change and seasonality

* Prediction was done using the last 1 week data. Such prediction may have

much uncertainty due to the change of climate, situation and environment.
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