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ABSTRACT

COVID-19 vaccination played a critical role in preventing the spread of the disease in the global
pandemic. Research on operational mechanisms of COVID-19 vaccination projects is limited
compared with the epidemiologic and socio-economic studies. Japan is a unique country with
various operational information on COVID-19 vaccinations publicly available. This research
evaluated vaccination trends in 49 countries and developed the model of vaccination trends in
Japan to understand the operational mechanisms of national-scale projects. The international
comparison revealed Japan’s slow vaccine authorizations and yet the 13th earliest and 3rd
fastest to achieve the achievement of 70% full vaccination coverage. Globally comparing the
daily vaccination trends exhibited a slow pace in Japan’s first 80 days of the vaccination project.
The study found the different levels of ceiling effects of vaccine distributions on daily first-dose
vaccinations by vaccine category in Japan. Based on the observations, the research developed a
system dynamics model on vaccination trends with four operational factors: willing people to
take vaccines, daily vaccine deliveries, vaccine stocks on sites, and human resource capacities.
The model fit the actual 7-day smoothed daily vaccination trends with the R-squared of 0.943,
0.909, and 0.915 for the total, first, and second doses with Pfizer/BioNTech and
Takeda/Moderna vaccines in the primary series in Japan. The simulation predicted cumulative
vaccination trends with 70% coverage achievement period errors (percentage errors) of 10 days
(4.24%), 12 days (5.41%), and 8 days (3.23%) for the total, first, and second doses, respectively.
The developed model was applied to explore room for operational improvement in Japan for
resource-saving and acceleration purposes. The experiment demonstrated the potential savings
of over 20 thousand healthcare worker recruitments without vaccination delay due to vaccine
supply constraints and by a modified team structure in sites with the higher nurse—doctor ratio
of 3 or more. For acceleration purposes, the model estimated limited opportunities with human
resource management under the vaccine supply constraints, only shortening the 70% full
vaccination coverage period by 3 days. This research provides performance metrics and a
simulation tool for model-based project planning and management applicable to future
pandemics and public emergency responses by practitioners.

Thesis supervisor: Bryan R. Moser, Ph.D
Title: Academic Director, Senior Lecturer, System Design and Management Program



DISCLAIMERS

This thesis is intended for academic purposes. The views and opinions expressed are those of
the author and do not represent any organization’s opinions, intentions, or other information.
The author is not responsible for using the information in this thesis.

ACKNOWLEDGEMENTS

| am deeply indebted to Dr. Bryan R. Moser for my thesis journey and wonderful experience in
the System Design and Management program. | am thankful to every professor, staff, and
classmate who inspired and supported me in the master’s program. | am also grateful to those
who have provided me with the educational opportunities at Massachusetts Institute of
Technology. Many thanks to my friends who have encouraged me to develop this thesis. Finally,
| would like to express the most profound appreciation to my family for all their support.



This page is intentionally left blank.



Table of Contents

TADIE OF CONTENES ...ttt ettt be e st e bt et ea b e e ateeh b e sbeesbeesheesbe et e enbeeabeeateeaeesaeesaeesaeesbeanbeenbeenbenn 6
[ Ao T T <L RPR 9
LISt OF TADIES .ttt ettt sttt she e s bt e s bt e be e beeabe e besaeesateeheeebeenhe e bt e beebeebeebesatene 10
L INEFOAUCTION .ttt ettt a e s h e b e s bt e s bt e s bt e bt et e e abeea b e eabeeabesabesaeesaeesae e bt et e enbeeabe e beebeeatesanesanens 11
2. Previous Research on VacCination PrOJECES .....c.ciiuiiicuiiiiiesiieesitieeiteeesiteesiee e siteesiveesteesatesesaeesbeesseessbaeessneessseassseess 12
2.1. Social Impacts of Vaccination Project iN JAPAN ...ccceiieeiciiiiieccieesee sttt see et eestae e siee s ae e sate e saeessbeesreeenne 12
2.2. Public Perceptions on Project Operations iN JAPaN.......cccuierieeriienieesieeeeieessieeestesesieeesaeeesaeeseseesseessseesnseesnne 12
2.3. Self-Evaluations and Improvement Efforts in the Government of Japan .......cccccvevivieeii e 13
2.4. Simulations on Vaccination ProjeCt iN JAPAN.......ccciiiiieiiie ettt st et e s stae e siae s ae e sate e sseessbeesreennns 13
2.5. International Comparisons and Case Studies in Other COUNIIES ........cveeveeiiiieeiee et ree e 14
2.6, CRAPLEI SUMIMAIY c.utiiiieeeitieeciteesite et e st e s te e stee s bt e e bee e beeesseeesseasaseessteessseesabeeeaseesnsaeensesesaeensseesaseesssessnsennnns 14
3. Review of Vaccination Project PErfOIMaNCE ......iiiiiieiie ettt ettt st e et e s be e s aeeebaeesaaeesaaeesaneess 15
3.1. Dataset and Data ProCeSSING TOOIS .....ccicuieeciiiiiiieiiiireiie ettt este e st e site e s beestee s baeebeesssaeessaeessaeessseesaseesssessnseennns 15
3.2. Vaccination Coverages and Trends iN JAPAN.....cueiiiiiiieiiie et et e sreesieesteeetesssbaeesaeeessaeessseessseesssessnseesnne 16
3.3. Reference Countries for Performance COMPAriSON .......ccuieiieiiiierieeiieeeiteesiteeereeesiaeesaeeesaeeseteesseessreesnseesnne 19
3.4.VacCing AULhOIIZAtioN Dates .......ooiiruiiriiiiieieete ettt ettt ettt sh e st e be et e st e e abesabesabesaeesbeesbeenbeebeenbeeatens 25
3.5. Achievement Dates and Periods of Vaccination Coverage Targets ......ccceveeivierieeeniieenieesieesveesveesvesssseesnns 39
I ST Tolel o F=1n [T Y o T<T= o PSR STRUPRUSRE
3.7. Trends of Daily Vaccinations
3.8. VaCCiNg SUPPIY IN JAPAN weonriiiiieiiieecee ettt ettt e st e e sa e e e abe e s beeeabeesbaeebaeessaeensteesnbeessteesreennn
3.8.1. Datasets .....ccceccvveirnneennn.
3.8.2. Ceiling Effect of Vaccine Distribution on Vaccination SPeed ..........occvevviierieiiieeniiee e cree e esne e 47
3.8.3. Interval from First t0 SECONM DOSE.....cccuiiiiiiiiiiieieeiteette ettt ettt ettt et eate st e st e saeesaeesbeesbeebeebeeatean 50
3.8.4. Candidates of Vaccination BOttIENECK . .......coouiiiiiiieiieeteet ettt 50
3.9. Vaccine Hesitancy and Demands iN JAP@N .....cccuieiiiiiiieiiieeiie et eeteesveesveesteestesssbaeesaaeessaeessseessseesssessseennns 51
3,00, CaPter SUMIMAIY ..veeiiueeeiiieeeeeesteesteesteeeteeseteesteeesseeeseeassseessseassseessseessseessteesnsesssseansesassseensseesseesssessnsennnne 53
4. Problem Definitions and Research APProach .........eeciiiieeiiiecieecee ettt e s e e aaeenaeas 54
5. Model Development 0N VacCination TreNAS......ciiiiieiieiiieeieesieeecieeertteesiee e steeste e sae e s teessaeesbeesseeebaeesaneessseanseeens 55
5.1, MOAEIING APPIOACK oottt et e et e e et e e st e e s te e s beesabeesabeesabeesbaeesaeessaeensseesnseessteesseennes
5.2. TiME STEP ANU RANEE ..uveiiiiieiie ettt ettt et e st e et e et e e aae e st b e e sateesateesaseesabeesabeesnsaeenseeessaeassseessseessteessennnts
5.3. Population Stocks and Flows
5.3.1. Authorization of Vaccines and Initiation of Vaccinations ...........coccoveiiieiiiiiniincnee e 56
5.3.2. WilliINGNESS FIlter Of FIrSt DOSE ..eeiuviiiuieiitiieiiiiesiieesteesieesteessteestesesteesbeeessseessseessseessseesssessnseessessnssesnsees 56
5.3.3. Partially Vaccinated POPUIGTION .......cccuiiiiuiieiiieciteesie ettt et et et e st e e saae et ae e s ae e ss e e sabeesnbaeenbeessaeensnas 57
5.3.4. Interval from First £0 SECONM DOSE.....ccuiiiiiiiiiieiteite ettt ettt ettt ettt eate st e et e st e saeesbeesbeenbeenbeenteas 57
5.3.5. Fully VacCinated POPUIATION ......eiiiiiciiiciiecsie sttt ettt sttt et e e aa e e ae e s aae e s e e sabeesabaaenbeessaeensnas 57
5.4.VacCing StOCKS @N0 FIOWS ....c.eiiiiiiieiiitte ettt ettt sttt ettt et et esab e st e satesaeesaeesbeenbeenbeeabens 59
5.4.1. Vaccine Distribution and RESEIVALION ........cocuiiiuiiiieiiiietet ettt sttt et 59
5.4.2. Vaccination and CanCellation ..ottt et sttt 59
5.5. Demand-Supply Balancing for RESEIVAtIONS .......ccciiiiuieiiiieiieccieesee et e et e s stee e siae e saeesate e sbeessbeesraennns 61



5.6. Vaccine Constraints on Vaccination Capacity ......cieueiuueeiiieiiieiiiceeeee ettt et e e e et e e e e e e e sieeneee 62

5.6.1. Objective Vaccines and Distribution Datasels........cceivueerciieiiieiiiie et esee e sae st esree s e e s saae e 62
5.6.2. Comparing Vaccing INfIOW and STOCK ........eeviiiiiiiiiieiieesie sttt ae e s e e e st eebe e s bae e e 63
5.6.3. Vaccine INflIow With CeiliNg EffECES ...cuiiiiiiiiiiiisieccie ettt st e e e s aae e e 63
N SR Y - Yol g LI o Lol OSSPSR 63
5.7. Human Resource Constraints on Vaccination Capacity.......ccoueouueiiiiieiiieiiiiiieee et e e e e e ieeeee 64
5.7.1. Screeners and Shooters for VacCination PrOCESSES .......uevviiiiiieriieeiiieeiiieesieesreesaeesreesveesreeeseeensaeeneeas 64
5.7.2. Full Immunization Assumption and Participation Rate .........cceecueiiiieiiiienieccieesiee et 65
5.7.3. Shooter—Screener Ratio and Determinant of Human Resource Constraint.........cccovcveeecieeiiieeecieeenneennen. 65
5.7.4. Human Resource Allocations among Vaccine Distribution Categories.......ccvvueereeerieeniieesiieeecieeesieeeenes 66
5.8. System Dynamics Of VacCiNation PrOCESSES .......uecvuiiiiieiiiiieiieeiieesiteesteessseesteeeseesssseesseeessaeessseessessssessssessnns 67
SIS V- T T- o1 [P SRSTRUSRURPE 68
LT (O F={o T 1 Y PSSRSO 77
5.10.1. COrE WOIKITOW ...veiueiieieiieiitieeiteesteeeiteestteestte e siteestte e sateesateesaeesateeesseeenbeeesseessseassseessteaasseesaseasnsessnseeansees 77
5.10.2. RESEIVATION ...ttt ettt ettt e e e e e ettt e e e e e s e aab bttt e e e e e e s bae et e e e e e e e e snnbeeaeeeeseannbabaeeeeeeeaannnnaee 80
I O RS T Y = Tolol [ T 1 (o1 VT | o Tor: 1 n o o ISP 81
ST (0 V= Tolol [ TSI o Yol |97 A oo | n o] o PSPPSR 82
5.10.5. HUMAN RESOUICE CAPACITY ....eiiiiiiiieiiiiiitieeeeeeeiett et e e e e ettt e e e e e et eb et e e e e e e e aneeteeeeeeseannbebeeeeeeeeaansnnees 83
5,11, EVAIUGTION IMELIICS .uviiuviiiiieeeiieeiieeetee st e st e st e s te e ete e e baeesaae e st teasaseesabeesaseesabeesnseesnsaeansaeessaeensseesnseesssessnseennss 86
5012, CNAPTEI SUMIMAIY ..tiiitieiitieeeiteesiteesteesteeeteesteesbee e teeesaeessseessseasaseessteessseesateesnseesnsaaansasesaeensseesnseesssessnsennnns 86
6. Model BEhaviors 0N VacCination TrENAS .......ieiuiiiiieiiieiiieeieesieesteeerite et e e siteesaae e ste e s beesteesabeesseesbeeessneessseassseess 87
6.1, CUMUIGEIVE VACCINATIONS ....vvieiieeieieeeiiee st eiee et sie st e et e e sae e e st b e e s ateesabeeeabeesabeesabeessaaensaeessaeensseessseesssessnseennns 87
6.1.1. All VacCing AdmMiNIStratioNS .....c.ceicueeeiuieiiieeiie st et e ste e st e ssteesteessteeesbeeessaeessaeessaeessteasaseessaesssessnseessees 87
6.1.2. Pfizer/BioNTech Vaccing AdMINISTIatiONS ......eeeieeeeiiiiiiiee ettt e st e e e et e e e st e s s sba e e s snaaeessnaneas 88
6.1.3. Takeda/Moderna Vaccine AdMINIStratiONS .......coocuveiiiiuiieiiittieeeeeee e seeree st e e e e et e e s sbar e s s sbaeesssareesssaneas 88
(I D F 1 VAV Lol o - 1o o PSR STRTPRURPOS 93
6.2.1. All VacCing AdMiNIStratioNS.....c.eeicueeeiuieiiieeiie st esieesie e st e sste e st essteessbeeessaeesbteessaeessteessseesbeasnsessnseesnsees 93
6.2.2. Pfizer/BioNTech Vaccing AdMINISTIatiONS .....ueeiieeueiiiiiiieee ettt e st e e e et e e st e s e s bae e s snaee e s snaneas 97
6.2.3. Takeda/Moderna Vaccine AdMINIStratiONS ........oocveiiiieueieiiiieee e e eeaeee e st e e e st e e e sevaeessesaeesssbaeeessnens 108
6.3. Discussions on Determinant Assumptions of Daily Vaccination Speed..........cccoeceevvieercieriiieciieesie e 111
6.3. 1. WIllING POPUIGTION ...vvieeiiceeetee ettt ettt ettt s e et e e s te e e be e ebaeensaeesaseesaseessseenaseesnseennne
6.3.2. Vaccine Delivery and Ceiling EffECt........ccuiiiiiiieiciecieecee ettt ettt e e s aee e
6.3.3. Vaccine Stock at VacCiNation SiteS.......uiiiueeiiiiiieiiit it esiee st e ste e e iteesste e e sae e sstae e seeesaseessteessseesaseesseennne
6.3.4. HUMAN RESOUICE CONSTIAINTS ....eiiiiiiiiiiitiiiieet ettt e ettt e e e e ettt e e e e e s e aae et e e eeeesesannnnaeeeeeeeaannns
6.3.5. System Dynamics of VacCination SPEEM .........iciiiiiiiiiiieciecee sttt ee e sae e s st saeeeane
6.4. Model Limitations and Future RESEArCh TOPICS ....vuievueeriuireriieiiiieesie st et e steesteesteesbesssreesbaeessaeesseeasaaeens
6.4.1. Determinant in Human Resource Constraint
L B Lo Ty u = a o oI - T PSSPt
6.4.3. Local Peak in Mid-May with Pfizer/BioNTech First-Dose VacCinations..........cccceveevveevveecveevesveseesvnennes 112
6.4.4. Vaccination Ramp-Up with Takeda/Moderna VacCings..........ccceecueeveeieseeseeieesieenreenreeressessesseesee e 113
6.4.5. Weekday and Holiday EffECES .....cicuiieciiiiiiecie ettt sttt st saee s aae e saae e s e e e sateesaeeeane 113
6.4.6. Data Limitation on Takeda/Moderna Vaccine DistribUtIONS........c..eeiivcuviiiiieiiieecie e 113
(ST @ =T o1 =T YU oo 4 P o PP STOUSIN 114
7. EXploring Operational OPTiONS ......cccuiiiiiieiiiiieiee et este st et e st e ste e steesbe e e bae e baeesaaeessteessseessteesaseesaseesnsesssaesnses 115
7.1. Reducing Excess Planned Recruitment of HUMaNn RESOUICES ......cccueirieerieeiieenieesieesieseseeetaeesineesssessaneens 115
8 0 R ] =Tt 1V PSPPSRIt 115
8 Y o] oo Y- T o PSPPSRIt 115
7.1.3. Pre-Estimation with Human Resource Balancing EQUAtioN ........c.cocveeiiiieieiiiie e 115



7.1.4. Results Of MOl SIMUIGTION ...uuvviiiiiiiiiieeicec ettt e e e s e e e e e e e saba e e e e s e s e ssabbrreeeeeeesenes 116

7. 0.5, DISCUSSIONS ..ceeeieeittteee e e e e ettt et e e e s e bttt e e e e eeaua b et e e e e e e e s e aaeteteeeeeea s anbaeaeeeeeesaaannbbeeeeeesesaanssnbeeeeeeeannans 119

% B 1 1 = [ o ST PP PP P PP UPPPPRNN 119

7.2. Acceleration by Early Immunity Development for Healthcare WOrkers ........ccccceeevieeeciiivie e 120
% B ] 1Yot u 1Y PSSPt 120
B Y o] oo Y- Yo o PSPPSRIt 120
7.2.3. Results of Model SIMUIGEION .....eiiiiieie et ae e saaeesaae e saeesabeesaeeenne 122

7. 2.4, DISCUSSIONS ..ceeiiieiettteee et e e ettt e e e e e s e et ettt eeeaaauabae et eeeee s e e aas et eeeeeeaaaanbaeeeeeeeesaannnbaeaeeeesesaanssnneeeeeeeannann 133
A S T W 11 1 =[] o OO U PR PPPUPPPPRNN 133

2 T =T o1 =T YU 4o 4 - o OSSPSR 133

8. Limitations and FULUre RESEAICH TOPICS ..eccvuiiruiiiiiieiieeiieestee st e st e st e et s e tae e ba e e saaeesbteesaaeessteesabeessbeesnseessaesnsens 134
S 0 Tl (V1Y [ o [OOSR 135
[0 (=TT Tol OSSR 136



List of Figures

Figure 3-1 COVID-19 Vaccination Trends iN JAP@N .....ccueeciiriiieiiiieiieesteeeteesteeeteessteeesessstaeesseeessseessseesssessssesssseesnne 17
Figure 3-2 Population and Full Vaccination Coverage in Reference COUNIIES ....c.ccccvveecueeiriieeiieenieesieesieesieessaee e 23
Figure 3-3 Aging Rate and Full Vaccination Coverage in Reference CoUNtries.......cccueeceriiieenieesieesiee e siee e 23
Figure 3-4 Population Density and Full Vaccination Coverage in Reference CouNntries ........cccocvevieeniieescieescieesiieennns 24
Figure 3-5 GDP per Capita and Full Vaccination Coverage in Reference COUNEIies .......cccccvveevieerieeniiiesieeescieessieennns 24
Figure 3-6 First Authorization Dates and Full Vaccination Coverages in Reference CoOUuNntries.......cccceeveevvveercveesvieennns 37
Figure 3-7 Authorization Dates by Vaccine and Full Vaccination Coverages in Reference Countries ........cc.cceevueennne 38
Figure 3-8 Dates of Target Achievement and Full Vaccination Coverages in Reference Countries........c.ccceveveeevueenne 40
Figure 3-9 Periods of Target Achievement and Full Vaccination Coverages in Reference Countries .........ccccveevueennne 41
Figure 3-10 Standardized Maximum and Average VaccCination SPEEAS .......cecveeeiueeiiiiieiieeeriieereeesteesveesreesveesaeeenne 43
Figure 3-11 Smoothed Daily Vaccination Trends in 11 Reference CouNtries .......cccocveeceeirieenieenieesieesreesieessiee e 45
Figure 3-12 Daily Vaccination Trends in 11 Reference COUNTIIES.....c.uiviiirieeiiieeeieeiiteecieeesieeesieeesaeesiaeesseesreessseesnne 46
Figure 3-13 Vaccination and Vaccine Distribution Trends of Primary Series in Japan........cccceeevverieenieenieescieesiieennne 48
Figure 5-1 Overview of Vaccination IMOEL..........occuiiiiiiiiiiiiciecct sttt e s e et e e siaeesaae e saaeesaaeessbeesabeesaeeenns 55
Figure 5-2 Population StOCK-FIOW IMOTEL.........ccuiiiiiiiiiecit ettt ee et s e sbae e ae e e sabeesaaeesabeesnbeesaeennns 58
Figure 5-3 Vaccing StOCK-FIOW IMOTEI .......cocuiiiiieiiii ettt ettt e e sba e e aae e sabeesateessbaesnteesnnennne 60
Figure 5-4 Demand-Supply Balancing for RESEIVAtIONS ........ccueiiiieiiiiniieciee sttt eeesire e se e sbe e sae e saeesbeesaeeenne 61
Figure 5-5 System Dynamics Of VaCCiNatioNsS .......iccuiiiiieeiii ittt e s e e ae e e stae e aae e saaeesaaeesabeesnbeessaeennne 67
Figure 6-1 Simulated and Actual Cumulative Vaccinations with All VacCines .........cccccuveeeiivieinieenieesiee e siee e 89
Figure 6-2 Simulated and Actual Cumulative Vaccinations with Pfizer/BioNTech Vaccines..........cccccveveevieevieeiveenens 90
Figure 6-3 Simulated and Actual Cumulative Vaccinations with Takeda/Moderna Vaccines..........cccceevveveevieecveennens 91
Figure 6-4 Simulated and Actual Smoothed Daily Vaccinations with All VacCiNes.........cccccvveevieeniieeniieesieesiieessieeenne 95
Figure 6-5 Simulated and Actual Daily Vaccinations with All VACCINES ......c.cevviiriiieiiiieeiie it svee e 96
Figure 6-6 Simulated and Actual Smoothed Daily Vaccinations with Pfizer/BioNTech Vaccines .........cccccceeeveeveennnns 98
Figure 6-7 Simulated and Actual Daily Vaccinations with Pfizer/BioNTech VacCines..........cccceeveeeeveeveesieesieeiee e 99
Figure 6-8 Simulated and Actual Smoothed Daily Vaccinations with Takeda/Moderna Vaccines ........c.ccceeuveneee. 109
Figure 6-9 Simulated and Actual Daily Vaccinations with Takeda/Moderna Vaccings.........ccceceeeveevveeeenveseeseeenne 110
Figure 7-1 Simulated Second-Dose Vaccinations and Doctors’ Participation Rate with Maximum Achievable Nurse—
DOCEOr RAtIO Of 2102 ...ttt ettt ettt a e s bt s bt e s bt e s bt e bt e bt et e e abeeabeeabesbbesaeesaeesbeenbeebeebeentean 118
Figure 7-2 Modified and Reference Vaccine Distributions with Pfizer/BioNTech Vaccines...........ccceceeverveneenneenne. 121
Figure 7-3 Simulated Cumulative Vaccinations and Deviations with Modified and Base-Case Vaccine Distributions
........................................................................................................................................................................ 123
Figure 7-4 Simulated Daily Vaccinations with Modified and Base-Case Vaccine Distributions............cccceevvvvvivennnen. 124



List of Tables

Table 3-1
Table 3-2
Table 3-3
Table 3-4
Table 3-5
Table 3-6
Table 3-7
Table 3-8
Table 3-9
Table 5-1
Table 5-2
Table 5-3
Table 5-4
Table 5-5
Table 6-1
Table 6-2
Table 6-3
Table 7-1
Table 7-2
Table 7-3

Cumulative Vaccinations iNJAPAN ....ueiciiiiiieiier ettt sre e st e et e e see e e aae e sabeesabeesnbeesabeeesaeenseas 16
NationNal HOliAAySs iN JAP@N ..ciieiiiiiiiieecieecee sttt et ettt e et esate e sbe e s be e sbaeebeeessaeesaeesaseesaseesnsaennse 18
Herd IMmUNity TAFESNOId ........viiiiiieeeee et s te e st s e s aae e bae e sabeesateesaseenane 20
Threshold of Basic Reproduction Rate with WHO Vaccination Coverage Targets and Vaccine Efficacy ..... 20
Reference Countries for Performance Evaluation ...........coocoiioiiiiiriienieiie ettt 21
Authorized Vaccines for Primary VacCiNatioNns ........ccceeiiuieriieeiiieeiiie e esieeseeesteesaeesresssesssaesssesssseesnses 26
Authorization Dates of COVID-19 Vaccings by COUNTIY.....ccciiiiieiiiierieeiiiesieesieesressreeeressteesneesseaeenaeas 28
Rankings of Reference Countries by Authorization Dates, Achievement Dates, and Periods..................... 42
References on Vaccine WillingNess iN JAPAN ....viieuieiiiiiiiie ettt e stee st e steessteeestes e sae e saeesaseesareesseesnne 52
VacCing DistriDULION CatBEOIY ...ccuuiiiuiiiiieeiiiesteesieeeitee st e et e et ee et e e steeestaeesteesabeassbeesabeessseesnbeaesesenseeenses 62
Basic Variables and DOM@INS........cooueiuieiieieeieeie ettt ettt et ettt st st satesae e s bt e be e b e e beenbeeteeeesatenae 68
Correspondence Table of Vaccine Distribution CategOories ......ccccccveeevieeiiiiieiie ettt 68
INPUL VATTADIES ...ttt ettt et te e st e e st e e s ate e s beesabeeebaeebeeessaeeseeesaseesateesnseennte 69
(O 4o IO AT =1 o] 1= OSSP 75
Simulation Errors of Coverage AchievemeNnt PEriOdS . .......civiivieeiiieeiie e ceeesteeste e steesre e st e e s e seae e 92
Fitting Metrics of Daily VaCCiNatioNS ........eiicieeiiiriiieciiieesee sttt ste e s ae e ste e stee s staessbeeesaaeessaeesaseesnteesseesnne 94
Simulated Determinants of First-Dose RESEIVAtIONS ......cc.ceviirieeiieriienieeie ettt ettt s 100
Gap in Simulated Achievement Dates by Doctors’ Participation Rate and Nurse—Doctor Ratio.............. 117
Deviations of Coverage Achievement Periods between Modified and Base-Case Vaccine Distributions 122
Simulated Determinants of First-Dose Reservations with Modified Pfizer/BioNTech Vaccine Distributions

10



1. Introduction

The coronavirus disease was first detected in China in December 2019 [1] and caused 765
million cases and seven million deaths globally [2]. Various COVID-19 vaccines have been rapidly
developed [3], and 13.3 billion doses have been administered in the world as of April 30, 2023
[2]. The chief of the World Health Organization announced an end to the public health
emergency with COVID-19 on May 5, 2023, based on the downward trend of the pandemic with
immunity increasing due to vaccines [2]. Vaccinations were critical in the fight against the
COVID-19 pandemic with non-pharmaceutical interventions.

While vaccine effectiveness and epidemiologic impacts are globally studied, research on the
operational mechanisms and quantitative performance evaluations of COVID-19 vaccination
trends is limited. COVID-19 vaccination projects are operated by countries worldwide on a
national and global scale. International comparisons and analyses on the operations of COVID-
19 vaccinations can be the historical knowledge of humankind and beneficial for project
managers and other practitioners.

Among the countries, Japan is a good reference for analyses because its government has
released datasets of daily vaccination trends and operational information, including weekly
vaccine distributions, to the public. However, the quantitative analyses of the vaccination
project mechanisms are limited in Japan.

This research implements an international comparison of vaccination coverage and speed
among 49 countries and develops a simulation model of the vaccination trends in Japan to
understand the operational mechanisms of the national-scale project. Operational options will
be explored with findings and the developed model to discuss project improvement in Japan.

Chapter 2 reviews previous research and follow-ups on the vaccination project in Japan and
other countries. Chapter 3 compares the vaccination coverage, vaccine authorization dates,
achievement dates of target coverages, vaccination speed, and daily vaccination trends in
reference countries with Japan. The chapter also explores Japan’s vaccination trends with its
vaccine distribution trends and previous survey reports on vaccine hesitancy. Chapter 4 defines
research questions and approaches. Chapter 5 introduces the assumptions and architecture of
the vaccination trend model in Japan. Chapter 6 validates the model performance with actual
vaccination trends. Chapter 7 explores room for operational improvement in Japan through the
model simulation. Chapter 8 lists the research limitations and future topics. Chapter 9 concludes
the overall research.
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2. Previous Research on Vaccination Projects

This chapter explores previous research on the social impacts, public perceptions, self-
evaluations, and socio-economic simulations of the national COVID-19 vaccination project in
Japan, especially for the primary series from Chapters 2.1 to 2.4, respectively. Some examples of
international comparisons and case studies of COVID-19 vaccinations are referred to in Chapter
2.5. Based on the reviews of previous research, the focus of this research is identified in the
guantitative evaluations and simulations of vaccination logistics in Chapter 2.6.

2.1. Social Impacts of Vaccination Project in Japan

A report with real-world data reveals that the COVID-19 vaccination is estimated to be
attributed to the aversions of 564,596 (95% confidence interval: 477,020-657,525) infectious
cases and 18,622 (95% confidence interval: 6,522—33,762) deaths from March to November
2021, which are 33% and 67% reductions in total cases [4]. Another report with real-world
datasets in Japan estimate that vaccine effectiveness against infection and symptomatic
infection 14 days after the second dose were 83.8% (95% Confidence Interval: 75.3%—89.3%)
and 89.8% (95% Confidence Interval: 80.5%—94.7%) during July 1 to December 31, 2021 [5].

Regarding side effects of vaccines, researchers in the Ministry of Health, Labour and Welfare
(MHLW) and related institutes report the individual case safety reports of anaphylaxis: 4 and 1.6
cases per 1 million administrations on average with Pfizer-BioNTech’s BNT162b2 and
Moderna/Takeda’s mRNA-1273 vaccines as of November 14, 2021 [6]. The case reports for
myocarditis/pericarditis were 1.7 and 6.1 cases per 1 million vaccinations on average with those
vaccines [6].

2.2. Public Perceptions on Project Operations in Japan

The citizens’ perceptions of the COVID-19 vaccination project in Japan were two folds: negative
opinions on the slow rollout before June 2021 and positive evaluations of catch-up after June.

Niu et al. found through their analyses of Japanese tweets between August 2020 and June
2021 that some of the major negative tweet topics were dissatisfaction with the slow
vaccination process and the limited reservation capacity in the early phase of the project [7].
Another research by Kobayashi et al. on Japanese tweets correspondingly reported that booking
was one of the popular topics in May 2021 [8]. Kosaka et al. pointed out the three factors of the
delayed vaccine rollout: the lagged regulatory approval, vaccine procurement from foreign
countries, and the limited human resources of doctors and nurses eligible to administer vaccine
doses [9]. Looi shed light on the historical caution over foreign-made vaccines and the
expensive administration costs with the limited human resources with regulations [10].

Liff summarized in 2022 that the Japanese government implemented countermeasures to
the problems by late spring, surpassed all other G7 countries about the daily vaccination pace,
and reached 75% coverage of the fully vaccinated population in 2021 [11].
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2.3. Self-Evaluations and Improvement Efforts in the Government of Japan

In November 2021, the Headquarters for the Promotion of Administrative Reform Cabinet
Secretariat, the Government of Japan (HPAR), held a public conference to review the COVID-19
vaccination project. HPAR and their experts valued the rapid achievement of vaccination
coverage [12]; 78% of the population have received one or more doses as of November 2, 2021
[13]. At the same time, they proposed the following room for improvement in their summary
comments: streamlined collaborations among the local and central governments with digital
technologies, better public relationships with citizens, and installing KPl management for
emergency vaccine rollouts [12].

Regarding the slow authorization process, the Japanese Cabinet submitted the Act on
Pharmaceuticals and Medical Devices amendment bill to install an emergency use authorization
(EUA) scheme [14]. Compared with foreign countries, the absence of the EUA scheme was
attributed to the cause of delays [15]. The bill was passed in the Diet and partially enacted on
May 20, 2022 [16].

In November 2022, the Ministry of Finance, the Government of Japan reported that the
total expense for the COVID-19 vaccination in Fiscal Year 2021 was 2.3 Trillion Yen [17].
Compared with Influenzas and other vaccine operations, the COVID-19 vaccination project cost
50% to 90% additional expenses on the rollout logistics. The ministry also revealed room for
improvement in vaccine procurement, where only 52% of procured vaccines were administered
by September 2022.

In March 2023, The Board of Audit of Japan implemented an audit and reported opinions to
the Diet and the Cabinet, pursuant to the provisions of Article 30-2 of the Board of Audit Act
[18]. The report critically points out that:

(1) MHLW did not record the rationales for required vaccine amounts for procurement
processes.

(2) MHLW did not check the payment amount from AstraZeneca on the procurement
cancellation.

(3) MHLW did not continuously record the vaccine stocks.

(4) Some local governments ambiguously defined or calculated details of subsidies for
vaccination operators.

(5) MHLW and Digital Agency separately developed the vaccine distribution management
system (V-SYS) and record system (VRS), which caused the errors and missing
information in the records.

2.4. Simulations on Vaccination Project in Japan

Academic researchers and experts have widely explored and discussed the epidemiologic
impacts of vaccine coverage, vaccination pace, and prioritization strategies [19]-[24]. The
governmental advisory board [25], [26] and simulation teams [27]—[33] have proposed various
epidemiologic analyses and predictions with the vaccine rollout. Predictions on the economic
impacts of vaccination are also implemented regarding the production losses [19], [34].
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2.5. International Comparisons and Case Studies in Other Countries

The global online database “Our World in Data” of daily and cumulative vaccinations, including
those in Japan, is provided by the group at the University of Oxford [35]. Vaccine coverage and
association with healthcare access and quality index, socio-demographic index, and gross
domestic product per capita in 192 countries are already reported [36].

Case studies of vaccine rollouts are found in Israel [37], [38], France, Germany, Sweden,
Switzerland, England [39], Italy [40], Poland [41], Cambodia [42], and countries in Latin America
and the Caribbean [43]. A global research group in UK and Thailand proposes a strategic road-
mapping framework for disaster responses, developed based on the case study of the vaccine
rollout program in the UK [44].

Modeling approaches on vaccine rollouts with epidemiological metrics are globally
implemented [45], [46]. The integrated models of the vaccine rollout and non-pharmaceutical
interventions are also widely recognized [47]. Simulations on the socio-economic impacts of
vaccination strategies on prioritization and speed are also reported by the World Health
Organization (WHO) Regional Office for Europe [48]. Detailed modeling of economic impacts
with some vaccination paces and non-pharmaceutical interventions is discussed in Korea [49].

2.6. Chapter Summary

COVID-19 vaccines are considered with real-world evidence to have effectively prevented
amounts of infectious cases and deaths in Japan. Though some Japanese citizens complained
about the slow rollouts and limited reservation capacity by Spring in 2021, the experts in HPAR
acclaimed the rapid vaccinations after July and high population coverage.

HPAR pointed out the room for improvement regarding the KPI definition and performance
management. The Ministry of Finance revealed the more significant costs of the COVID-19
vaccination project compared with the other vaccine programs. The Board of Audit of Japan
officially reported to the Diet and the Cabinet the need for more quantitative management of
key resources for the COVID-19 vaccination project.

Academic researchers and experts in Japan have made various efforts to simulate and verify
the socio-economic impacts of the vaccination project with epidemiologic datasets and models.
However, the research and case studies on the quantitative performance and mechanisms of
vaccination pace in Japan are limited.

Measuring comprehensive performance and understanding the mechanisms of vaccination
pace are essential to extract lessons learned for better project management in future national
emergency responses.

Therefore, this research focuses on the quantitative evaluations of vaccination trends and
analyses of logistics mechanisms in the following chapters.
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3. Review of Vaccination Project Performance

This chapter compares performance metrics on dates and speed of COVID-19 vaccinations in
Japan with 48 countries. Chapter 3.1 introduces datasets for the evaluations. Chapter 3.2
reviews vaccination coverages and trends in Japan as an introduction. After defining 48
reference countries in Chapter 3.3, Chapters 3.4 to 3.6 globally compares vaccine authorization
dates, achievement dates and periods of defined vaccination coverages, and average and
maximum speeds, respectively. Chapter 3.7 exhibits vaccination trends in countries with the
largest average—maximum speed ratios to find uniqueness in Japan. Chapter 3.8 compares daily
vaccinations and vaccine distributions in Japan to discuss the potential mechanisms and
bottlenecks of vaccination speed on the supply side. Chapter 3.9 reviews surveys on vaccine
hesitancy and actual vaccination coverages to discuss the demand side of vaccinations.

3.1. Dataset and Data Processing Tools

This chapter quantitatively discusses the authorization date, vaccination pace, and completion
date of defined vaccination coverage with publicly available datasets and evidence. The
vaccination dataset was retrieved from Our World in Data (OWID) [35] on April 15, 2023, except
for Japan. The data are processed with R programming language and RStudio, the integrated
development environment.

The vaccination datasets of Japan are prepared with available official sources provided by
the Government of Japan. Datasets on daily vaccinations from the Ministry of Health, Labour
and Welfare and the Prime Minister’s Office of Japan are referenced [50], [51]. The Ministry of
Health, Labour and Welfare of Japan provides data collected with V-SYS platform in the time
range from February 17 to April 9, 2021. This vaccination data by dose round (first or second
dose) is recognized as the number with Pfizer/BioNTech vaccines because this vaccine was the
only choice in that time range [52]. The Prime Minister’s Office has released data collected with
VRS and V-SYS platforms in the time range from April 12, 2021. The data from VRS! and V-SYS?
are summed to identify all the vaccinations by dose by vaccine. This research retrieved these
datasets on April 15, 2023, which covers vaccination data from February 17, 2021, to April 12,
2023.

The population, the proportion of people aged 65 and older, population density, and
vaccination coverage in Japan are also prepared for the following discussions by referencing the
official information on population and area by the Government of Japan [53], [54].

L)l EEfE_ —fBETE” data in “vaccination_data5” CSV file, “ 3 M| H _—fi%#efERI%”, “4 M H —MAEREENEL”, and “4 2 7
o YR 7 F v _—i%ERE (5[H) 7 datain “allbooster_data” CSV file.
2 o)l EETE R PRAEEEE S5 data in “vaccination_data5” CSV file.
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3.2. Vaccination Coverages and Trends in Japan

This subchapter introduces the number and trend of cumulative vaccinations in Japan with the
government dataset. Table 3-1 shows the number of cumulative vaccinations by dose round by
vaccine as of March 31, 2023. 383 million doses of vaccines have been administered in Japan,
and Pfizer/BioNTech provides the most major vaccine. Partial vaccination population coverage
with only the first doses is 83.14%, and full vaccination coverage with two doses in the primary
series is 82.08%. The coverage decreases as the dose round advances.

Figure 3-1 displays the vaccination trends in Japan from the earliest vaccine authorization
date from February 14, 2021 [52] to March 31, 2023. Figure 3-1 (a) shows the first and second-
dose vaccinations in the primary series hit ceilings in November 2021, and the ones with third
doses did in June 2022. Figure 3-1 (b) shows the oscillations in two patterns: weekday (5-day)
broad peaks in the first six months and Saturday peaks later. The trend with primary series also
exhibits negative pulses. Corresponding calendar dates with these pulses match the national
holidays on Table 3-2 except for August 12-15 and 30. The period on August 12-15 is known as a
Japanese holiday season, “Obon.” Japan experienced two types of the weekday effect and the
national holiday effect.

Table 3-1 Cumulative Vaccinations in Japan
The number of cumulative vaccinations by dose round by vaccine in Japan as of March 31, 2023. Columns with
percentage units exhibit the cumulative numbers divided by the population in Japan.

Dose Round  All Vaccines Pfizer/BioNTech Takeda/Moderna AstraZeneca Novavax
(dose) (%) (dose) (%) (dose) (%) (dose) (%) (dose) (%)
Total 383,344,007 304.42 299,547,143 237.87 83,366,408 66.20 117,885 0.09 312,571 0.25
First 104,692,928 83.14 88,165,475 70.01 16,411,822 13.03 58,703 0.05 56,928 0.05
Second 103,364,635 82.08 87,039,281 69.12 16,211,098 12.87 59,182 0.05 55,074 0.04
Third 86,392,838 68.61 52,600,929 41.77 33,608,275 26.69 - 0 183,634 0.15
Fourth 58,401,337 46.38 42,567,642 33.80 15,816,760 12.56 - 0 16,935 0.01
Fifth 30,492,269 24.21 29,173,816 23.17 1,318,453 1.05 - 0 - 0
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COVID-19 Vaccination Trends in Japan

(a) Cumulative Vaccinations by Dose Round
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Figure 3-1 COVID-19 Vaccination Trends in Japan
(a) Trends of cumulative vaccinations per one hundred people in Japan by dose round. (b) Trends of daily
vaccinations per one hundred people by vaccine.
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Table 3-2 National Holidays in Japan
National holidays in Japan in 2021, 2022, and January to March 2023. The list of national holidays in Japan from the
reference provided by the Government of Japan [55].

National Holiday

Calendar Date National Holiday Note
In Japanese

1/1 every year New Year Day JuH -

2021/1/11, 2022/1/10, 2023/1/9 Coming-of-Age Day ADH -

2/11 every year National Foundation Day  #E[EE &0 H -

2/23 every year Emperor’s Birthday KEFHAEH -

2021/3/20, 2022/3/21, 2023/3/21 Spring Equinox Day HDH -

4/29 every year Showa Day EfI o H -

5/3 every year Constitution Day EiEEs -

5/4 every year Greenery Day HEHDH -

5/5 every year Children’s Day ZEHDH -

2021/7/22,2022/7/18 Anniversary-of-Ocean Day  {#f#®D H Moved from 2021-07-19 due to
the Olympics/Paralympics

2021/7/23, 2022/10/10 Sports Day AR —=YDH Moved from 2021-10-11 due to
the Olympics/Paralympics

2021/8/9, 2022/8/11 Mountain Day o H Moved from 2021-08-11 to
2021-08-08 due to the
Olympics/Paralympics and
transferred from Sunday to
Monday

2021/9/20, 2022/9/19 Respect-for-the-Aged Day 4§ o H -

2021/9/23, 2022/9/23 Autumnal Equinox Day oy H -

11/3 every year Culture Day itkoH -

11/23 every year Labor Thanksgiving Day #4570 H -
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3.3. Reference Countries for Performance Comparison

This report compares countries selected with the following selection criteria (1)—(3) by
considering WHO vaccination coverage targets, economic status, and region.

(1) Full vaccination population coverage is equal to or over 40 % by December 31, 2021
125 entities, including Japan, are extracted from the OWID’s dataset.

The population target of the full vaccination population is derived from a herd immunity
threshold in an objective community. The herd immunity threshold is calculated by [56]:
1

Virus Reproduction Rate
1

X ; "
Vaccine Efficacy

Herd Immunity Threshold = |1 —

Table 3-3 displays the herd immunity threshold without natural immunity after the
disease recovery. The range of virus reproduction rate is set based on the meta-analysis
of the basic reproduction rate by Liu et al. in early 2020: the estimated range from 1.4 to
6.49 with a mean of 3.28, a median of 2.79 and the interquartile range of 1.16 [57]. For
example, the herd immunity threshold is 67%, with the virus reproduction rate of 1.5
and the vaccine efficacy of 50%. If the natural immunity after the recovery is not
expected, the required vaccination population coverage equals 67% or over.

WHO has released the strategic targets of the full vaccination population coverage in
October, 2021 [58]. The organization set the three targets:

o 10% full vaccination coverage in all countries by the end-September 2021

o 40% full vaccination coverage in all countries by end-2021

o 70% full vaccination coverage of the world’s population by mid-2022.
40% target is set to realize the first protection for health workers, older populations, and
high-risk individuals with important co-mobidities. 70% target is considered as the goal
to protect people around the world from disease, maintain the health system, fully
resume economic activities, restore social health, and prevent the risk of new variants.

Table 3-4 indicates the threshold of the basic reproduction rate with the WHO
targets and vaccine efficacy. For example, when the average vaccine efficacy is 70%, the
WHO vaccination coverage targets of 10%, 40%, and 70% could contain the disease with
the basic reproduction rate of 1.08, 1.39, and 1.96. The vaccination coverage of 40%
corresponds to the minimum reported value of the basic reproduction rate.

This research refers to the 40% vaccination coverage to extract the candidate
reference countries for comparison from the OWID dataset. Countries where the total
number of people who received all doses prescribed by the initial vaccination protocol
per 100 people in the total population is equal to or over 40 by December 31, 2021, are
selected for further processes.
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Table 3-3 Herd Immunity Threshold
Herd immunity thresholds of the vaccination population coverage without natural immunity after disease recovery.

Xler::oduction Vaccine Efficacy

Rate 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
1.0 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
1.5 83% 67% 56% 48% 42% 37% 33%
2.0 100% 83% 71% 63% 56% 50%
2.5 100% 86% 75% 67% 60%
3.0 95% 83% 74% 67%
3.5 89% 79% 71%
4.0 94% 83% 75%
4.5 Disease spreads. 97% 86% 78%
5.0 100% 89% 80%
5.5 91% 82%
6.0 93% 83%
6.5 94% 85%

Table 3-4 Threshold of Basic Reproduction Rate with WHO Vaccination Coverage Targets and Vaccine Efficacy
Thresholds of the basic reproduction rate with the WHO targets of the full vaccination population coverage and
vaccine efficacy.

Vaccinaﬁon Vaccine Efficacy

Population

Coverage 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
10% 1.01 1.02 1.03 1.04 1.05 1.06 1.08 1.09 1.10 111
40% 1.04 1.09 1.14 1.19 1.25 1.32 1.39 1.47 1.56 1.67
70% 1.08 1.16 1.27 1.39 1.54 1.72 1.96 2.27 2.70 3.33

(2) Countries in G20, Organization for Economic Co-operation and Development (OECD), or
the European Regulatory System for Medicines (ERSM)
48 entities, including Japan, are extracted from (1) cohort.

o 18 G20 members except for South Africa and the European Union (EU) out of 20
members [59]

o 37 OECD members except for Luxembourg out of 38 members [60]

o 24 EU members out of 27 except for Bulgaria, Luxembourg, and Romania in
addition to 3 all the EEA members, Iceland, Liechtenstein and Norway [61], [62]

(3) Singapore as an additional reference country in Asia with the (2) cohort
49 entities, including Japan, are selected in total for comparison.

Table 3-5 introduces the country list for exploration in this chapter. Figures 3-2, 3-3, 3-4, and
3-5 exhibit the relationships between full vaccination coverage and population, proportion of
people aged 65 and older, population density, or Gross Domestic Product (GDP) per capita.
Japan reached the 11th widest coverage of fully vaccinated people as of March 31, 2023. Japan
has the 8th largest population, the largest proportion of aged people, the 8th highest
population density, and the 18th highest GDP per capita in the 49 reference countries.
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Table 3-5 Reference Countries for Performance Evaluation

Reference countries for the research extracted from the OWID dataset with people fully vaccinated per hundred of 40 or over as of December 31, 2021.
Representations of continents, countries, and I1SO country codes are based on the OWID dataset. Continents are arranged in longitudinal order from the East.
Countries are placed in alphabetical order except for Japan. Values in the ERSM column indicate the membership of the countries. Each country is categorized
with G20, OECD, and ERSM lists. Populations in the dataset, except for Cyprus, France, Israel, and Singapore, are referenced by OWID from the United Nations,
Department of Economic and Social Affairs, Population Division, World Population Prospects 2019 Revision. OWID references populations for these four
countries from official sources in each country. The years of the population are 2022, except for Cyprus, which is 2021. Proportions of people aged 65 and older
are referenced by OWID from the World Bank World Development Indicators based on age/sex distributions of United Nations World Population Prospects
2017 Revision. Population densities in the dataset are referenced by OWID from the World Bank World Development Indicators, sourced from Food and
Agriculture Organization and World Bank estimates. GDP per capita at purchasing power parity (constant 2011 international dollars) in the OWID dataset are
referenced by OWID from the World Bank World Development Indicators, source from World Bank, International Comparison Program database. Values in the
Full Vaccination Coverage column are from the maximum records of people fully vaccinated per hundred by March 31, 2023, on the OWID dataset. The
population, the proportion of people aged 65 and older, population density, and full vaccination coverage in Japan are modified with the OWID dataset by
referencing the official information on vaccinations, population, and area by the Government of Japan.

ISO Population Proportion of Population GDP per Capita Full Vaccination
Continent Country Country G20 OECD ERSM People Aged 65 Density Coverage as of
Code (person) and Older (person/km?2) (dollar/persan) Mar. 31, 2023
Asia Japan JPN G20 OECD 125,927,902 28.53 333 39,002 82.08
China CHN G20 1,425,887,360 10.64 148 15,309 89.54
India IND G20 1,417,173,120 5.99 450 6,427 67.17
Indonesia IDN G20 275,501,344 5.32 146 11,189 62.68
Israel ISR OECD 9,449,000 11.73 403 33,132 65.19
Saudi Arabia SAU G20 36,408,824 3.30 15 49,045 69.80
Singapore SGP 5,637,022 12.92 7916 85,535 90.85
South Korea KOR G20 OECD 51,815,808 13.91 528 35,938 85.68
Turkey TUR G20 OECD 85,341,248 8.15 105 25,129 62.31
Oceania Australia AUS G20 OECD 26,177,410 15.50 3 44,649 82.72
New Zealand NZL OECD 5,185,289 15.32 18 36,086 79.89
Europe Austria AUT OECD EU 8,939,617 19.20 107 45,437 74.75
Belgium BEL OECD EU 11,655,923 18.57 376 42,659 78.66
Croatia HRV EU 4,030,361 19.72 74 22,670 55.86
Cyprus CYP EU 896,007 13.42 128 32,415 72.11
Czechia CZE OECD EU 10,493,990 19.03 137 32,606 65.68
Denmark DNK OECD EU 5,882,259 19.68 137 46,683 80.69
Estonia EST OECD EU 1,326,064 19.45 31 29,481 64.97
Finland FIN OECD EU 5,540,745 21.23 18 40,586 78.47
France FRA G20 OECD EU 67,813,000 19.72 123 38,606 78.42
Germany DEU G20 OECD EU 83,369,840 21.45 237 45,229 76.24
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North America

South America

Greece
Hungary
Iceland
Ireland

Italy

Latvia
Liechtenstein
Lithuania
Malta
Netherlands
Norway
Poland
Portugal
Russia
Slovakia
Slovenia
Spain
Sweden
Switzerland
United Kingdom
Canada
Costa Rica
Mexico
United States
Argentina
Brazil

Chile
Colombia

GRC
HUN
ISL
IRL
ITA
LVA
LIE
LTU
MLT
NLD
NOR
POL
PRT
RUS
SVK
SVN
ESP
SWE
CHE
GBR
CAN
CRI
MEX
USA
ARG
BRA
CHL
COL

G20

G20

G20
G20

G20
G20
G20
G20

OECD
OECD
OECD
OECD
OECD
OECD

OECD

OECD
OECD
OECD
OECD

OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD

OECD
OECD

EU
EU
EEA
EU
EU
EU
EEA
EU
EU
EU
EEA
EU
EU

EU
EU
EU
EU

10,384,972
9,967,304
372,903
5,023,108
59,037,472
1,850,654
39,355
2,750,058
533,293
17,564,020
5,434,324
39,857,144
10,270,857
144,713,312
5,643,455
2,119,843
47,558,632
10,549,349
8,740,471
67,508,936
38,454,328
5,180,836
127,504,120
338,289,856
45,510,324
215,313,504
19,603,736
51,874,028

20.40
18.58
14.43
13.93
23.02
19.75
NA
19.00
19.43
18.78
16.82
16.76
21.50
14.18
15.07
19.06
19.44
19.98
18.44
18.52
16.98
9.47
6.86
15.41
11.20
8.55
11.09
7.65

83
108

70
206
31
237
45
1454
509
14
124
112

113
103
93
25
214
273

96
66
36
16
25
24
44

24,574
26,778
46,483
67,335
35,220
25,064

NA
29,524
36,513
48,473
64,800
27,216
27,937
24,766
30,155
31,401
34,272
46,949
57,410
39,753
44,018
15,525
17,336
54,225
18,934
14,103
22,767
13,255

73.62
62.28
77.82
80.86
81.26
70.57
67.24
68.38
88.41
68.08
74.61
56.82
86.63
55.07
45.68
57.66
85.65
71.98
68.79
75.19
82.60
83.79
64.19
69.40
76.61
81.82
90.29
71.26
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Population and Full Vaccination Coverage in Reference Countries
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Figure 3-2 Population and Full Vaccination Coverage in Reference Countries
The scatter plot with 49 reference countries’ populations and full vaccination coverages as of March 31, 2023.
Labels on each plot indicate ISO country codes.

Aging Rate and Full Vaccination Coverage in Reference Countries
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Figure 3-3 Aging Rate and Full Vaccination Coverage in Reference Countries
The scatter plot with 48 reference countries’ aging rate and full vaccination coverages as of March 31, 2023. Labels
on each plot indicate I1SO country codes. This figure does not include Liechtenstein due to the data limitation.
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Population Density and Full Vaccination Coverage in Reference Countries

100 -
CHL
Q. 901 = - I\/ILTA
© ESPA A DNK
) BRA ITA
] = IRL A A
Al 80
8 o ISL A ARG _Ap FRAA ppy  ABEL
Al NOR A AAUT AGBR
€ - swea LYACOL GRCA 700 TG
O & 701 A E
= ™ ALTU cze CHEA, ANLD
£ est™ HUN A LE
oS A
S 601 "
> g RUS HRV A SVN 4poL
Sa©
>
w 507 SVK
A
40 -
T T T T T
10° 10° 102 10° 10*
. . 2
Population Density (person/m®)
Continent Asia Oceania A Europe North America ® South America

Figure 3-4 Population Density and Full Vaccination Coverage in Reference Countries
The scatter plot with 49 reference countries’ population and full vaccination coverages as of March 31, 2023. Labels
on each plot indicate ISO country codes.

GDP per Capita and Full Vaccination Coverage in Reference Countries
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Figure 3-5 GDP per Capita and Full Vaccination Coverage in Reference Countries

The scatter plot with 48 reference countries’ GDP product per and full vaccination coverages as of March 31, 2023.
Labels on each plot indicate I1SO country codes. This figure does not include Liechtenstein due to the data
limitation.
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3.4. Vaccine Authorization Dates

The authorization dates of vaccines for primary vaccination in the 49 reference countries are
listed through the following processes.

(1) Reference the authorization information of COVID-19 by technical platforms and country
by Chen et al. in 2022.

Chen et al. provide the country lists and use status of authorized vaccines as of February
8, 2022, in the supplementary material for the article published in BMC Medicine in
2022 [36].

(2) Explore the official information as of February 11, 2023, on the lists of authorized
vaccines for primary vaccination by country.

(2) list and official sources are compared to identify the vaccine lists to search
authorization dates.

(3) Search references on the authorization dates of vaccines for primary vaccination.

Regarding the countries in the European Regulatory System for Medicines, the
centralized marketing authorization is valid in the EU Member States and three EEA
countries, Iceland, Liechtenstein, and Norway [62]. This report identifies most of the
vaccine authorization dates in the ERSM members by referencing the European
Medicines Agency’s official website [63].

Table 3-6 shows the characteristics of authorized vaccines by the reference countries. Table
3-7 lists the authorization dates of vaccines in the reference countries. Due to the data
limitation on authorized vaccines, Liechtenstein is omitted from the reference cohort for the
following discussions.
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Table 3-6 Authorized Vaccines for Primary Vaccinations

The list of vaccines authorized for primary vaccination by the reference countries. This list is arranged in

alphabetical order of vaccine platforms.

Vaccine

Developer

No. of

Platform (Abbreviation) Vaccine Name Doses Schedule References
DNA based Zydus Cadila nCov vaccine, 3 Day0+28+56 [3]
vaccine Zycov-d
Inactivated Bharat Biotech BBV152 vaccine 2 Day 0+ 14 [3]
virus COVAXIN

Beijing Institute of Biological Products, BBIBP-CorV 2 Day 0 + 21 [3], [64]

Sinopharm Covilo

(Sinopharm-Beijing)

Chumakov Federal Scientific Center for CoviVac 2 Day 0+ 14 [3]

Research and Development of Immune-

and-Biological Products (Chumakov Center)

Erciyes University TURKOVAC 2 Day 0 + 21 [3]

and the Health Institutes of Turkey

(E. Univ. and TUSEB)

Institute of Medical Biology and Chinese SARS-CoV-2 vaccine 2 Day 0 + 28 [3], [64]

Academy of Medical Sciences

(IMBCAMS)

Shenzhen Kangtai Biological Products KCONVAC 2 Day 0 + 28 [3], [65]

Wuhan Institute of Biological Products, WBIP-CorV 2 Day 0+ 21 [3], [64]

Sinopharm

(Sinopharm-Wuhan)

Sinovac CoronaVac 2 Day 0+ 14 [3]

Valneva VLA2001 2 Day 0+ 21 [3]
Protein Anhui Zhifei Longcom Biopharmaceutical ZF2001, Zifivax 2-3 Day 0 + 28 or [3]
subunit and Institute of Microbiology, Chinese Day 0 + 28 + 56

Academy of Sciences

(Anhui Zhifei Longcom and IMCAS)

Biological E. Limited BECOV?2, Corbevax 2 Day 0 + 28 [3]

Novavax NVX-CoV2373, 2 Day 0 + 21 [3], [66]

Nuvaxovid, Covovax
Serum Institute of India/Novavax NVX-CoV2373, 2 Day 0+ 21 [3], [67]
Covovax

Takeda Pharmaceutical Company Ltd NVX-CoV2373, 2 Day 0 + 21 [3], [68]

(Takeda/Novavax) TAK-019

PT Bio Farma (Indovac) Indovac 2 Day 0 + 28 [3], [69]
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RNA based
vaccine

Viral vector
(Non-
replicating)

Virus like
particle

PT Bio Farma (Inavac)

Russian Federal Budgetary Research
Institution State Research Center of
Virology and Biotechnology "Vector"
(Vector Center (EpiVacCorona))
Russian Federal Budgetary Research
Institution State Research Center of
Virology and Biotechnology "Vector"
(Vector Center (EpiVacCorona-N))
SK Bioscience

Gennova Biopharmaceuticals Limited

Moderna

Takeda Pharmaceutical Company Ltd

(Takeda/Moderna)

Pfizer/BioNTech

Walvax Biotechnology; Shanghai RNACure

Biopharma (Walvax Biotechnology)

AstraZeneca/University of Oxford

(AstraZeneca/Univ. Oxford)

Serum Institute of India/AstraZeneca

CanSino Biologics

Bharat Biotech International Limited

Gamaleya Research Institute (Sputnik V)

Gamaleya Research Institute (Sputnik M)

Gamaleya Research Institute (Sputnik Light)

Janssen, Johnson & Johnson

Medicago

Inavac

EpiVacCorona

EpiVacCorona-N,
AURORA-Covid-19

GBP510,
SKYCovione

GEMCOVAC-19

mRNA-1273,
Spikevax

mRNA-1273,
TAK-919

BNT162b2,
Comirnaty

RQ3013, AWcorna

AZD1222,
ChAdOx1-S,
Vaxzevria

AZD1222,
ChAdOx1-S
CoviShield
Convidecia

BBV154, iINCOVACC

Gam-COVID-Vac

Sputnik V

Gam-COVID-Vac,
Sputnik M

Sputnik Light
Ad26.COV2.S
Jcovden

CoVLP
COVIFENZ

1-2

1-2

Day O + 28

Day 0+ 21

Day 0 + 14

Day O + 28

Day O + 28

Day 0 + 28

Day O + 28

Day 0+ 21

Day O

Day O + 28

Day O + 28

Day 0+ 21

Day O

Day 0+ 21

Day O or
Day 0 +56

Day 0+ 21

3], [70]

(3]

3]

(3], [71]

3]

(3]

3], [72]

(3]

3], [73]

(3]

3], [74]

(3]

3], [75]

3]

[76]

3], [77]

(3], [78]
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Table 3-7 Authorization Dates of COVID-19 Vaccines by Country
Authorization dates for primary vaccination in the reference countries. Continents are arranged in longitudinal order from the East. Countries are placed in
alphabetical order except for Japan. Vaccines are represented by the abbreviated developer names based on Table 3-6. Ref (1), Ref (2), and Ref (3) columns

indicate evidence referred to in the exploration processes of authorization dates introduced in Chapter 3.4.

ISO
Continent Country Country ERSM Vaccine Authorization Date Ref (1) Ref (2) Ref (3)
Code

Asia Japan JPN - Pfizer/BioNTech 2021-02-14 [36] [52] [52]
Takeda/Moderna 2021-05-21 [36] [52] [79]

AstraZeneca/University of Oxford 2021-05-21 [36] [52] [52]

Takeda/Novavax 2022-04-19 - [52] [80]

Janssen, Johnson & Johnson 2022-06-20 - [52] [52]

China CHN - Sinopharm-Beijing 2020-12-29 [36] - [81]
Sinovac 2021-02-06 [36] - [82]

CanSino Biologics 2021-02-25 [36] - [83]

Sinopharm-Wuhan 2021-02-25 [36] - [83]

Anhui Zhifei Longcom and IMCAS 2021-03-15 [36] - [84]

Shenzhen Kangtai Biological Products 2021-05-14 [36] - [85]

IMBCAMS 2021-06-09 [36] - [86]

India IND - AstraZeneca/University of Oxford 2021-01-02 [36] - [87]
Serum Institute of India/AstraZeneca 2021-01-02 [36] - [87]

Bharat Biotech 2021-01-02 - - [87]

Gamaleya Research Institute (Sputnik V) 2021-04-13 [36] - [88]

Moderna 2021-06-29 [36] = [89]

Janssen, Johnson & Johnson 2021-08-07 [36] - [90]

Zydus Cadila 2021-08-20 [36] = [91]

Serum Institute of India/Novavax 2021-12-28 - - [92]

Biological E. Limited 2021-12-28 - - [93]

Gamaleya Research Institute (Sputnik Light) 2022-02-06 - - [94]

Gennova Biopharmaceuticals Limited 2022-06-29 - - [95]

Bharat Biotech International Limited 2022-09-06 - - [75]

Indonesia IDN - Sinovac 2021-01-11 [36] - [96]
AstraZeneca/University of Oxford 2021-03-09 [36] - [97]

Sinopharm-Beijing 2021-04-30 [36] - [98]

Moderna 2021-07-02 [36] - [99]

Pfizer/BioNTech 2021-07-15 [36] = [100]
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Oceania

Israel

Saudi Arabia

Singapore

South Korea

Turkey

Australia

ISR

SAU

SGP

KOR

TUR

AUS

Gamaleya Research Institute (Sputnik V)
CanSino Biologics

Janssen, Johnson & Johnson

Anhui Zhifei Longcom and IMCAS
Novavax

Serum Institute of India/Novavax
Shenzhen Kangtai Biological Products
PT Bio Farma (Indovac)

Walvax Biotechnology

PT Bio Farma (Inavac)
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Novavax

Pfizer/BioNTech
AstraZeneca/University of Oxford
Moderna

Sinopharm-Beijing

Sinovac

Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

Sinovac

Novavax

Sinopharm-Beijing

Pfizer/BioNTech
AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Moderna

Novavax

SK Bioscience

Serum Institute of India/AstraZeneca
Sinovac

Pfizer/BioNTech

Gamaleya Research Institute (Sputnik V)
E. Univ. and TUSEB

Pfizer/BioNTech

29

2021-08-25
2021-09-07
2021-09-07
2021-10-07
2021-11-01
2021-11-01
2021-11-03
2022-09-28
2022-09-30
2022-11-04
2020-12-06
2021-01-04
2021-10-21
2022-09-16
2020-12-10
2021-02-18
2021-07-09
2021-08-24
2021-08-24
Not Found

2020-12-14
2021-02-03
2021-10-23
2022-02-03
Not Found

2021-02-03
2021-02-10
2021-04-07
2021-05-21
2022-01-12
2022-06-29
Not Found

2021-01-13
2021-04-02
2021-04-30
2021-12-22
2021-01-25

(36]
(36]
(36]
(36]

[101]
[102]
[102]
[103]

[67]

[67]
[104]

[69]

[73]

[70]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]
[113]

[114]
[115]
[116]
[117]

[118]
[119]
[120]
[121]
[122]

[71]

[123]
[124]
[125]
[126]
[128]



Europe

New Zealand

Austria

Belgium

Croatia

Cyprus

Czechia

Denmark

NZL

AUT

BEL

HRV

CYP

CZE

DNK

EU

EU

EU

EU

EU

EU

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Moderna

Novavax

Pfizer/BioNTech

Janssen, Johnson & Johnson
AstraZeneca/University of Oxford
Novavax

Moderna

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

Valneva

Pfizer/BioNTech

Moderna

Janssen, Johnson & Johnson
Novavax

AstraZeneca/University of Oxford
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson

30

2021-02-15
2021-06-25
2021-08-09
2022-01-20
2021-02-03
2021-07-07
2021-07-29
2022-02-04
2022-06-17
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2022-06-24
2020-12-21
2021-01-06
2021-03-11
2021-12-20
2021-01-29
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2020-12-21
2021-01-06
2021-01-29
2021-03-11

(36]

(36]
(36]
(36]
(36]
(36]

(36]
(36]
(36]
(36]
(36]

(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]

[127]

[127]
[127]
[133]
[133]
[133]
[133]
[133]

[139]
[139]
[139]
[139]

[140]
[140]
[140]
[140]
[140]
[141]
[141]
[141]
[141]

[129]
[130]
[131]
[132]
[134]
[135]
[136]
[137]
[138]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]



Estonia

Finland

France

Germany

Greece

Hungary

Iceland

EST

FIN

FRA

DEU

GRC

HUN

ISL

EU

EU

EU

EU

EU

EU

EEA

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Moderna

Janssen, Johnson & Johnson
Novavax

Valneva

AstraZeneca/University of Oxford
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Moderna

Janssen, Johnson & Johnson
Novavax

Valneva

AstraZeneca/University of Oxford
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

Gamaleya Research Institute (Sputnik V)
AstraZeneca/University of Oxford
Sinopharm-Beijing

Janssen, Johnson & Johnson
CanSino Biologics

Serum Institute of India/AstraZeneca
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford

31

2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2020-12-21
2021-01-06
2021-03-11
2021-12-20
2022-06-24
2021-01-29
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2020-12-21
2021-01-06
2021-03-11
2021-12-20
2022-06-24
2021-01-29
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2020-12-21
2021-01-06
2021-01-21
2021-01-29
2021-01-29
2021-03-11
2021-03-22
2021-03-22
2020-12-21
2021-01-06
2021-01-29

(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]

(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]

(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]

(36]
(36]
(36]

[142]
[142]
[142]
[142]
[142]
[143]
[143]
[143]
[143]
[143]

[148]
[148]
[148]

(63]
(63]
(63]
[63]
(63]
(63]
(63]
[63]
(63]
(63]
(63]
[63]
(63]
[63]
(63]
[63]
(63]
[63]
(63]
(63]
(63]
[63]
(63]
(63]
(63]
[63]
(63]
[63]
[145]
[63]
[146]
[63]
[147]
[147]
(63]
[63]
(63]



Ireland

Italy

Latvia

Liechtenstein

Lithuania

Malta

Netherlands

Norway

IRL

ITA

LVA

LIE

LTU

MLT

NLD

NOR

EU

EU

EU

EEA

EU

EU

EU

EEA

Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Moderna

Janssen, Johnson & Johnson
Novavax

AstraZeneca/University of Oxford
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Novavax

32

2021-03-11
2021-12-20
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2020-12-21
2021-01-06
2021-03-11
2021-12-20
2021-01-29
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20

(36]

(36]
(36]
(36]
(36]

(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]

(36]
(36]
(36]
(36]

(36]
(36]
(36]
(36]

(36]
(36]
(36]

(36]
(36]
(36]
(36]
(36]

[148]
[148]
[149]
[149]

[149]
[149]

(63]
(63]
[63]
(63]
(63]
(63]
(63]
(63]
[63]
(63]
[63]
(63]
(63]
(63]
[63]
(63]

(63]
(63]
(63]
(63]
(63]
[63]
(63]
[63]
(63]
(63]
(63]
[63]
(63]
[63]
(63]
(63]
(63]
[63]
(63]
[63]



Poland

Portugal

Russia

Slovakia

Slovenia

Spain

Sweden

Switzerland

POL

PRT

RUS

SVK

SVN

ESP

SWE

CHE

EU

EU

EU

EU

EU

EU

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson

Gamaleya Research Institute (Sputnik V)
Vector Center (EpiVacCorona)
Chumakov Center

Gamaleya Research Institute (Sputnik Light)
Vector Center (EpiVacCorona-N)
Gamaleya Research Institute (Sputnik M)
CanSino Biologics

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Gamaleya Research Institute (Sputnik V)
Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson
Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Janssen, Johnson & Johnson

Novavax

Pfizer/BioNTech

Moderna

Janssen, Johnson & Johnson

Novavax

33

2020-12-21
2021-01-06
2021-01-29
2021-03-11
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2020-08-11
2020-10-14
2021-02-20
2021-05-06
2021-08-26
2021-11-14
Not found

2020-12-21
2021-01-06
2021-01-29
2021-03-01
2021-03-11
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2020-12-21
2021-01-06
2021-01-29
2021-03-11
2021-12-20
2020-12-19
2021-01-12
2021-03-22
2022-04-12

(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]
(36]

(63]
(63]
(63]
(63]
(63]
(63]
(63]
(63]
[152]
[153]
[154]
[155]
[156]
[157]

[63]
[63]
[63]
[158]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[63]
[159]
[159]
[159]
[159]



United Kingdom

North America Canada

Costa Rica

Mexico

United States

South America Argentina

GBR

CAN

CRI

MEX

USA

ARG

Pfizer/BioNTech
AstraZeneca/University of Oxford
Moderna

Janssen, Johnson & Johnson
Novavax

Valneva

Pfizer/BioNTech

Moderna

AstraZeneca/University of Oxford
Serum Institute of India/AstraZeneca
Janssen, Johnson & Johnson
Novavax

Medicago

Pfizer/BioNTech
AstraZeneca/University of Oxford
Pfizer/BioNTech

Serum Institute of India/AstraZeneca
AstraZeneca/University of Oxford
CanSino Biologics

Gamaleya Research Institute (Sputnik V)
Sinovac

Bharat Biotech

Janssen, Johnson & Johnson
Moderna

Sinopharm-Beijing

Pfizer/BioNTech

Moderna

Janssen, Johnson & Johnson
Novavax

Pfizer/BioNTech

Gamaleya Research Institute (Sputnik V)
AstraZeneca/University of Oxford
Serum Institute of India/AstraZeneca
Sinopharm-Beijing

Sinovac

CanSino Biologics

Moderna

34

2020-12-02
2020-12-30
2021-01-08
2021-05-28
2022-02-03
2022-04-14
2020-12-09
2020-12-23
2021-02-26
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Gamaleya Research Institute (Sputnik Light) 2021-12-06 - - [187]

Brazil BRA - Serum Institute of India/AstraZeneca 2021-01-17 [36] - [188]
AstraZeneca/University of Oxford 2021-01-17 [36] - [188]
Sinovac 2021-01-17 [36] = [188]
Pfizer/BioNTech 2021-02-23 [36] - [189]
Janssen, Johnson & Johnson 2021-03-31 [36] - [190]
Sinopharm-Beijing 2021-05-07 - - [191]
Gamaleya Research Institute (Sputnik V) 2021-06-04 - - [192]
Chile CHL - Pfizer/BioNTech 2020-12-16 [36] - [193]
Sinovac 2021-01-20 [36] = [194]
AstraZeneca/University of Oxford 2021-01-27 [36] - [195]
CanSino Biologics 2021-04-07 [36] - [196]
Janssen, Johnson & Johnson 2021-06-10 [36] - [197]
Gamaleya Research Institute (Sputnik V) 2021-07-21 - - [198]
Moderna 2022-02-02 - - [199]
Colombia coL - Pfizer/BioNTech 2021-01-05 [36] - [200]
Sinovac 2021-02-03 [36] - [201]
AstraZeneca/University of Oxford 2021-02-23 [36] - [202]
Janssen, Johnson & Johnson 2021-03-25 [36] - [203]
Moderna 2021-06-24 [36] = [204]
Anhui Zhifei Longcom and IMCAS 2022-01-27 - - [205]
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Figure 3-6 displays the authorization dates of the first vaccines in the reference countries.
Figure 3-6 (a) reveals that countries in North America and Europe achieved early authorizations
on average, compared with Asia, Oceania, and South America. Figure 3-6 (b) reveals that
Pfizer/BioNTech vaccine was globally the dominant choice for initial authorizations: the vaccine
was authorized in 42 countries out of 48. Sinovac was authorized first in three countries, and
AstraZeneca/University of Oxford with Serum Institute of India was in two countries. Baharat
Biotech’s COVAXIN, Gamaleya Research Institute’s Sputnik V, and Sinopharm’s BBIBP-CorV were
the first authorized vaccines in one country each. Russia was the earliest country to authorize its
first vaccine, Sputnik V, on August 11, 2020. The United Kingdom was the second country, with
Pfizer/BioNTech on December 2, 2020. Japan was the latest country to authorize its first vaccine
among the 48 reference countries. Japan authorized the Pfizer/BioNTech vaccine as its first
option on February 14, 2021.

Figure 3-7 displays the authorization dates of each vaccine in Japan and the other reference
countries. Japan authorized the following vaccines:

Pfizer/BioNTech 42nd in 45 reference countries
Takeda/Moderna 33rd in 43 reference countries
AstraZeneca/University of Oxford  40th in 42 reference countries
Takeda/Novavax 24th in 26 reference countries

Janssen vaccines 40th in 40 reference countries.
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First Authorization Dates and Full Vaccination Coverages in Reference Countries

Full Vaccination Coverage
as of March 31, 2023 (%)
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Figure 3-6 First Authorization Dates and Full Vaccination Coverages in Reference Countries
The scatter plot with the first vaccine authorization dates for primary administration and full vaccination coverages
in the reference countries. Labels on each plot indicate ISO country codes. Some labels are omitted to avoid
overlaps. Figure (a) is colored and shaped by continent where the countries exist. Figure (b) is colored and shaped
by the vaccine developer of the first vaccine in each country. “AZ” stands for AstraZeneca, and “GRI” does for
Gamaleya Research Institute.
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Authorization Dates by Vaccine and Full Vaccination Coverages in Reference Countries
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Figure 3-7 Authorization Dates by Vaccine and Full Vaccination Coverages in Reference Countries

The scatter plot with the authorization dates by vaccine and full vaccination coverage and full vaccination coverages in the reference countries. The data on
Takeda/Moderna and Takeda/Novavax vaccines in Japan are classified in the Moderna and Novavax facets. Plots with “JPN” labels indicate the authorization
dates in Japan.
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3.5. Achievement Dates and Periods of Vaccination Coverage Targets

This subchapter compares achievement dates of vaccination coverage targets and achievement
periods in reference countries. The following results and discussions refer to the three WHO
vaccination coverage target of 10%, 40%, and 70% by September 2021, December 2021, and
June 2022 each.

An achievement period is defined as the days from the authorization date of the first vaccine
and the achievement date of the vaccination coverage target. Authorization dates of the first
vaccines in the reference countries are extracted from Table 3-7, and the achievement dates of
vaccination coverage targets are from the Japanese government dataset and the OWID dataset.

Figure 3-8 displays the achievement dates of three vaccination coverage targets in reference
countries. All the countries achieved 10% and 40% full vaccination coverages by the target date
of September and December 2021. 29 countries reached coverage of 70% and over by June
2022, and Colombia did on July 29, 2022. The top 3 earliest countries with 10% and 40%
coverage are Israel, the United States, and Chile. Regarding the 70% coverage, the top 3 earliest
countries are Malta, Singapore, and Iceland. Israel and the United States hit the ceilings of
vaccination coverage below 70%. Japan accomplished 10%, 40%, and 70% full vaccination
coverages on June 22, August 13, and October 18, 2021: 39th, 31st, and 13th in 48, 48, and 30
reference countries.

Figure 3-9 exhibits the periods of achievement with three vaccination coverage targets in
reference countries. The top 3 countries with the shortest achievement periods of 10% and 40%
coverages are Israel, the United States, and Chile, the same as the ranking of the earliest
countries. Regarding the period of 70% coverage, the top 3 countries are Malta, Singapore, and
Japan. Japan achieved 129, 181, and 247 days for 10%, 40%, and 70% full vaccination coverages:
9th, 7th, and 3rd in 48, 48, and 30 reference countries.

Table 3-8 summarizes the country rankings by authorization dates of first vaccines,
achievement dates, and periods with three full vaccination coverages. The table implies that
Japan caught up with other countries after the late start by accelerating its vaccination pace.
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Dates of Target Achievement and Full Vaccination Coverages in Reference Countries
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Figure 3-8 Dates of Target Achievement and Full Vaccination Coverages in Reference Countries

The scatter plot with achievement date of vaccination coverage targets and full vaccination coverages in the reference countries. The facet of 70% coverage
displays 30 countries that achieved the target coverage. Labels on each plot indicate ISO country codes. Some labels are omitted to avoid overlaps. The 10% and
40% achievement dates in China are the date with 54.5% full vaccination coverage due to the data limitation.
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Periods of Target Coverage Achievement and Full Vaccination Coverages in Reference Countries
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Figure 3-9 Periods of Target Achievement and Full Vaccination Coverages in Reference Countries
The scatter plot with achievement periods of vaccination coverage targets and full vaccination coverages in the reference countries. The facet of 70% coverage
displays 30 countries that achieved the target coverage. Labels on each plot indicate ISO country codes. Some labels are omitted to avoid overlaps. The 10% and

40% achievement periods in China are based on the date with 54.5% full vaccination coverage due to the data limitation.
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Table 3-8 Rankings of Reference Countries by Authorization Dates, Achievement Dates, and Periods

Rankings of 48 reference countries by authorization dates of first vaccines, achievement dates and periods. The

“10%”, “40%”, and “70%” columns indicate associated full vaccination coverages. The 10% and 40% achievement
dates and periods in China are based on the date with 54.5% full vaccination coverage due to the data limitation.
Vertically merged cells indicate tied ranks. “GBR” stands for the United Kingdom.

Rank  Authorization Date of Coverage Achievement Period of Coverage Achievement
Date 10% 40% 70% 10% 40% 70%

1 Russia Israel Israel Malta Israel Israel Malta

2 GBR United States ~ United States  Singapore United States ~ United States  Singapore

3 Israel Chile Chile Iceland Chile Chile Japan

4 Canada Malta Malta Portugal Malta Malta Iceland

5 Saudi Arabia Hungary GBR Belgium Turkey Hungary Portugal

6 United States ~ Singapore Hungary Spain Hungary Iceland Belgium

7 Mexico GBR Iceland Chile Singapore Japan Spain

8 Singapore Switzerland Cyprus Denmark Switzerland GBR Denmark

9 Costa Rica Turkey Spain Ireland Japan Cyprus Ireland

10 Chile Denmark Ireland China GBR Spain Chile

11 Switzerland Estonia Germany Canada Brazil Ireland China

12 Italy Lithuania Italy Denmark Lithuania South Korea
Malta . . .

13 Hungary thhuar.na Switzerland Japan Italy Germany Italy

14 Denmark Slovenia Belgium South Korea Lithuania Switzerland Canada

15 Estonia Slovakia Portugal Finland Estonia Belgium Australia

20 Italy Spain Canada Norway Slovenia Greece New Zealand

17 Wifrugre France Austria Australia Spain Portugal Finland

18 Slovaii Ireland Greece New Zealand Slovakia Austria Norway

19 Slovakia Greece Singapore France France Italy France

20 Spain Iceland Italy Germany Ireland France Germany

21 France Czechia France GBR Iceland Denmark Austria

22 Ireland Austria Denmark Austria Greece Czechia Brazil

23 Greece Portugal Czechia Argentina Czechia Netherlands GBR

24 Iceland Belgium Netherlands Costa Rica Portugal Singapore Argentina

25 Czechia Cyprus Poland Sweden Austria Poland Sweden

26 Austria Germany Estonia Greece Belgium Estonia Costa Rica

27 Portugal Norway Slovenia Cyprus Germany Canada Greece

28 Belgium Poland Sweden Brazil Cyprus Turkey Cyprus

29 Cyprus Netherlands China Latvia Norway South Korea Latvia

30 Germany Costa Rica Norway Colombia Poland Slovenia Colombia

31 Norway Latvia Japan - Netherlands China -

32 Poland Sweden Finland - South Korea Sweden -

33 Netherlands Croatia Turkey - Latvia Norway -

34 L] Brazil Latvia - Costa Rica Finland -

35 (S:\:;Zizn Mexico Slovakia - Sweden Australia -

36 Finland Finland Saudi Arabia - Croatia New Zealand -

37 Canada Croatia - New Zealand Latvia -

38 Argentina Russia South Korea - Finland Brazil -

39 China Colombia Argentina - Colombia Slovakia -

40 India Japan Australia - Australia Croatia -

41 Colombia South Korea Brazil - Mexico Saudi Arabia -

42 Indonesia Argentina Costa Rica - Canada Argentina -

43 Turkey New Zealand New Zealand - Argentina Costa Rica -

44 Brazil Australia Mexico - Indonesia Colombia -

45 Australia Saudi Arabia Colombia - Saudi Arabia Mexico -

46 South Korea China Russia - China Indonesia -

47 New Zealand Indonesia India - India India -

48 Japan India Indonesia - Russia Russia -
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3.6. Vaccination Speed

This subchapter compares vaccination speeds in the 48 reference countries with average and
top speed metrics. Average vaccination speed is defined as the cumulative new vaccinations as
of the achievement date of 40% full vaccination coverage divided by the corresponding
achievement period. Maximum vaccination speed is defined as the maximum daily new
vaccinations in the achievement period. The standardized average and maximum speed are the
average and maximum vaccination speed per one hundred people, respectively. The vaccination
data is extracted from the Government of Japan sources for Japan and the OWID dataset for
other countries.

The average and maximum speed ratio can be regarded as an efficiency metric of
vaccination logistics. A country with a large average—maximum speed ratio is considered to
reach a target vaccination coverage with a small effort on peak logistics.

Figure 3-10 displays the combination of standardized maximum speeds and standardized
average speeds in the 40 reference countries. Japan achieved the standardized maximum speed
of 1.40 %/day (1,757,237 doses/day) and the standardized average speed of 0.51 %/day
(638,434 doses/day). 10 countries over the solid red line, Italy, United Kingdom, United States,
Israel, Greece, Argentina, Malta, Czechia, Singapore, and France, realized larger average—
maximum speed ratios than that in Japan of 0.363.

Standardized Maximum and Average Vaccination Speeds
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Figure 3-10 Standardized Maximum and Average Vaccination Speeds

The scatter plot with standardized maximum speeds and standardized average speeds by the achievement date of
the 40% full vaccination coverages in each reference country. A solid red line passes through Japan’s point and has
the slope of average—maximum speed ratio in Japan. Austria, Denmark, Finland, Netherlands, Portugal, Slovakia,
Sweden, and Costa Rica are excluded due to data constraints. Labels on each plot indicate ISO country codes. Some
labels are omitted to avoid overlaps.
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3.7. Trends of Daily Vaccinations

This subchapter compares trends of daily vaccinations for primary series in 11 reference
countries with the highest average—-maximum speed ratios. The data of raw and 7-day
smoothed daily vaccinations are extracted from the OWID dataset. Daily vaccinations per one
hundred citizens are calculated with the population data.

Figure 3-11 displays the 7-day smoothed trends of daily vaccinations per one hundred
people in the 11 reference countries. Japan administered vaccinations at low speed in the first
80 days by early May, compared with other countries. After that period, Japan steeply
accelerated vaccinations, achieving the 3rd fastest maximum smoothed speed (1.34 %/day) and
4th shortest period of the 40% full vaccination coverage (181 days) in the 11 reference
countries.

Figure 3-12 exhibits the trends of not-smoothed daily vaccinations per one hundred people
in the 11 reference countries. The trends have periodic oscillations with around a 7-day period.
Japan, Singapore, Greece, and Italy have smaller amplitudes than other countries. A small
amplitude enables a high average vaccination speed by limiting maximum speed.

The high maximum speed and small weekday amplitude in Japan can be attributed to the
large financial expenses on vaccinations. To accelerate the daily vaccinations for the primary
series in 2021, the Government of Japan offered financial incentives for the preparations and
administration of vaccination sites with fast vaccination paces [17]. Besides, the government
increased payments per dose by 35% and 103% for overtime work and holiday work [17]. Two
key factors of rapid vaccinations, high maximum speed and minimized weekday amplitudes, are
accompanied by late vaccine authorization and slow initiation in the first months, which cost
large physical and financial resources to Japan.
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Smoothed Daily Vaccination Trends in 11 Reference Countries
Japan: 36.3%, 181 days France: 36.4%, 207 days Singapore: 37.2%, 209 days Czechia: 37.5%, 208 days
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Figure 3-11 Smoothed Daily Vaccination Trends in 11 Reference Countries

Trends of 7-day smoothed daily vaccinations per one hundred people in 11 reference countries with the highest average—maximum speed ratios. X-axes are the
elapsed days from the authorization dates of the first vaccines in each country. Each facet title displays a country name, average—maximum speed ratio, and
40% full vaccination coverage period.
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Daily Vaccination Trends in 11 Reference Countries
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Figure 3-12 Daily Vaccination Trends in 11 Reference Countries

Trends of daily vaccinations per one hundred people in 11 reference countries with the highest average—maximum speed ratios. X-axes are the elapsed days
from the authorization dates of the first vaccines in each country. Each facet title displays a country name, average—maximum speed ratio, and 40% full
vaccination coverage period.
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3.8. Vaccine Supply in Japan
3.8.1. Datasets

The determinants of daily vaccinations are classified into supply and demand sides. Regarding
the supply side, this subchapter compares trends of vaccination and vaccine distribution from
the national government in Japan.

The amounts of bi-weekly and weekly distributions of Pfizer/BioNTech and Takeda/Moderna
vaccines for primary series from the Government of Japan to vaccination sites by September
2021 are available [206], [207]. The daily distribution dataset of vaccines is developed by
dividing bi-weekly and weekly distributions by 14 and 7 days each. The dataset of daily
vaccinations is derived from the Japanese government sources introduced in Chapter 3.1.

The time range for comparison of daily vaccinations and distributions is from the
authorization date of the first vaccine, Pfizer/BioNTech one, on February 14, 2021, to the day
before initiating the third shot on November 30, 2021 [208].

The available distribution dataset introduces 201 million vaccines distributed in total,
decomposed into 173.47 million Pfizer/BioNTech vaccines and 27.94 million Takeda/Moderna
vaccines supplied from February to October 2021. The vaccinations dataset shows 199.54
million administered in total, decomposed into 167.21 million Pfizer/BioNTech vaccines, and
32.33 million Takeda/Moderna vaccines are administered for first and second doses from
February to November 2021. One note is that the excess number of vaccination compared with
the distribution of Takeda/Moderna vaccines is 4.39 million doses, which means that
Takeda/Moderna vaccines had been distributed at least 4.39 million doses from mid-September
to November 2021 in addition to the available data.

In the objective period, the AstraZeneca vaccine was available. However, this research
focuses on Pfizer/BioNTech and Takeda/Moderna vaccines due to the limitation of distribution
datasets. The omission impact of the AstraZeneca vaccine can be small because this vaccine
only covers 0.06 % of the cumulative vaccinations of all the available vaccines from February 14
to November 30, 2021, in Japan.

3.8.2. Ceiling Effect of Vaccine Distribution on Vaccination Speed

Figure 3-13 shows the trends of vaccine distribution and vaccinations for the primary series in
Japan. Figure 3-13 (a) indicates that the ramp of vaccinations had a three to four-week lag from
the distributions. The lag was largest around June 2021.

Figure 3-13 (b) reveals that the daily distribution—vaccination gap got largest in mid-May.
The distribution of Pfizer/BioNTech vaccines had been limited until mid-April, and the
distribution pace steeply increased in early May. The trends on Pfizer/BioNTech vaccines around
April to June reveal that there is a one to four-week interval from the shipment of vaccines to
vaccinations on sites.
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Vaccination and Vaccine Distribution Trends of Primary Series in Japan
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(c) Daily Vaccinations and Vaccine Distributions in Japan
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Figure 3-13 Vaccination and Vaccine Distribution Trends of Primary Series in Japan

Vaccine distributions and vaccinations per one hundred people in Japan from the earliest vaccine authorization
date to the day before initiating the third dose. Area plots indicate vaccine distributions, and lines do vaccinations.
(a) Cumulative amount trends. (b) Smoothed daily amount trends by vaccine by dose round. (c) Not-smoothed
daily amount trends. “PB” and “TM” stand for the Pfizer/BioNTech and Takeda/Moderna vaccines, respectively.
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The gap between Pfizer/BioNTech vaccine distribution and total vaccinations shrinks after
mid-June. At that time, the daily second-dose vaccination ramped up and caught up with the
pace of first doses. Figure 3-13 (b) exhibits that the peak of smoothed first-dose vaccinations
with Pfizer/BioNTech vaccines in early June is 43.67% of the distribution peak in mid-May.
Figure 3-13 (c) shows that the corresponding peak of not-smoothed first-dose vaccinations with
Pfizer/BioNTech vaccines in early June is 48.03% of the distribution peak in mid-May. These
trends of first-dose, second-dose, and total vaccinations imply that the daily vaccinations of first
doses had a 50% ceiling with daily distributions to reserve vaccines for promised second doses.
This phenomenon can be attributed to the scheduled doses of two with the interval of three
weeks with Pfizer/BioNTech’s primary series (c.f. Table 3-6).

In contrast, Figure 3-13 (b) shows that the first-dose vaccinations with Takeda/Moderna
vaccines hit the level of daily distributions in July. The peak of smoothed first-dose vaccinations
with Takeda/Moderna vaccines in early July is 77.03% of the distribution peak in late June.
Figure 3-13 (c) shows that the peak of not-smoothed first-dose vaccinations with Takeda/
Moderna vaccines in early July is 88.76% of the distribution peak in late June. The results imply
that the operators on each vaccination site might not have reserved Moderna vaccines for
future second doses, though Takeda/Moderna proposes two doses for its primary series. This
behavior means that the operators could have optimistic attitudes on future vaccine supplies
from the national government in the administrations with Takeda/Moderna vaccines.

Publicly available information introduces the following operational differences among
Pfizer/BioNTech and Moderna vaccines: shipment frequency, vaccine order protocol, and
operator cohort.

The shipment frequency with Pfizer/BioNTech vaccines was 14 days, while that with
Takeda/Moderna vaccines was 7 days [206]. The order confirmation of Pfizer/BioNTech vaccines
required two-week coordination processes among clinics, municipal governments, prefectural
governments, and the national government. In contrast, the national government simplified the
order protocol with Moderna vaccines and promised a second shipment in one week without
repetitive coordination processes.

The vaccination sites with Pfizer/BioNTech vaccines were managed by local governments
with hospitals and clinics [206]. On the other hand, most Moderna vaccines were administered
by private companies, universities, and other cooperative organizations at their workplaces and
large vaccination sites [206], [207]. 63% of Moderna vaccines were distributed to workplaces by
mid-September 2021 [207]. Some parts of the rest vaccines were administered at large
vaccination sites operated by the Japan Self Defense Force (JSDF) [206].

All these differences in vaccination operations could be potential determinants of the lag
and ceiling level of daily vaccinations under the distribution constraints. If the predictability of
vaccine distribution is high, and an operator has an optimistic mindset or confidence in its
operation, the ceiling level gets high and, the lag decreases.

However, one caution is that if local governments stopped reserving vaccines for second
doses and raised their ceiling level, the national government was predicted to halve its
distribution pace with Pfizer/BioNTech vaccines to prevent undesired future cancellations with
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second doses due to the supply shortage, as long as operators strictly comply with the interval
of first and second doses.

3.8.3. Interval from First to Second Dose

Figure 3-13 (b) exhibits that both the Pfizer/BioNTech and Takeda/Moderna curves of second
vaccinations fit well with shifted first-dose curves with lags. The observed intervals among two
doses are around three weeks and four weeks on Pfizer/BioNTech and Takeda/Moderna
vaccines each. These values are in accordance with the standard intervals, 21 days and 28 days,
for each vaccine (c.f. Table 3-6).

3.8.4. Candidates of Vaccination Bottleneck

Considering the ceiling effect of distribution, the slow vaccination speed in the first 80 days by
early May could be attributed to the limited vaccine distributions from the national government
to vaccination sites. There could be various possible root causes of the distribution bottleneck,
not only the vaccine procurement in a national scale [9], [11], but also the procurement of
needles, syringes, and freezers for vaccine storage [206], and other resource or operational
factors. Regarding the freezers, Pfizer/BioNTech vaccines required a -90 to -60 °C environment
to store over one month in the early phase of the vaccination project in Japan [209]. The
national government had to supply 7,000 and more ultra-deep freezers and dry ice to
vaccination sites before administering Pfizer/BioNTech vaccines [206]. Takeda/Moderna
vaccines needed to be stored in a -20 °C environment for 6 months [209]. The national
government also supplied freezers to administer Takeda/Moderna vaccines [206].

On the other hand, the ramp-up pace of daily vaccinations in mid to late May was below the
50% level of daily distributions. The vaccination bottleneck in this period could be associated
with other supply or demand factors: human resources for administration [9]—[11], facilities for
vaccination sites, reservation management [7], [8] on the supply side, citizens’ vaccine hesitancy
[10] and accessibility to vaccination sites on the demand side, for example.
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3.9. Vaccine Hesitancy and Demands in Japan

This subchapter lists references on vaccine hesitancy and compares them with the actual
vaccination coverage in Japan to explore the possible bottleneck of daily vaccinations from the
demand side.

Table 3-9 lists the surveys on vaccine willingness/intention/trust with Japanese respondents
conducted from September 2020 to May 2021. References show willing respondents of 65.7% in
September 2020, respondents with intention of 62.1% in January 2021, 56.1% and 88.7% in
February 2021, and people with trust in COVID-19 vaccines of 47% in May 2021, with
corresponding cohorts in each survey.

The actual full vaccination coverage as of March 31, 2023, is 82.08% of the total population
in Japan (c.f. Table 3-5). 10%, 40%, and 70% full vaccination coverages were achieved on June
22, August 13, and October 18, 2021 (c.f. Chapter 3-5). Despite the citizens’ historical concerns
about vaccines, more Japanese citizens fully received COVID-19 vaccines in the primary series
than the willingness surveys found before the first vaccine was authorized on February 14,
2021.

These references and results on vaccination coverages imply that the citizens’ vaccine
hesitancy/willingness was less likely to be the factor of the lagged ramp-up of daily vaccinations
from the distribution in mid to late May.
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Table 3-9 References on Vaccine Willingness in Japan
References on willingness/intention/trust on COVID-19 in Japan from September 2020 to May 2021. “M,” “F” “O,”
and “y.o. in the Considered Respondent Characteristics column stand for “Male,” “Female,” “Others,” and “years

old.”
Suryey R‘espondent Con5|dere.d Bespondent Metric Value Reference
Period Size Characteristics
September 1,100 Gender: M 53.1%, Respondents with All respondents Yoda and
2020 F 46.9% willingness/ - Willingness 65.7%  Katsuyama,
Age: Under 19 to uncertainty/ - Uncertainty 22.0% Vaccines,
Over 70 unwillingness to - Unwillingness 12.3% Jan. 2021
Average 44.8 y.o. vaccinate [210]
Chronic condition
Place of residence
January 2,956 Sex: M 49.3%, F 50.7% Participants All participants Machida et al.,
14-18, Age: 20-79 y.o. highly likely/ - Highly likely 62.1% Vaccines,
2021 Underlying diseases unlikely - Unlikely 37.9% Mar. 2021
Marital status to get a COVID-19 [211]
Employment status vaccine
Residential area
Living arrangement
Educational attainment
Annual personal income
February 23,142 Sex: M 51.8%, F 49.2% COVID-19 vaccine All participants Okubo et al.,
8-26 Age: 15-79 y.0. intention - Intend 88.7%  Vaccines,
2021 Annual income - Hesitant 11.3%  June 2021
Marital status [212]
Occupation
Educational level
Use of combustible
cigarettes or heated
tobacco product
Alcohol use
Comorbidity (present)
Personal history of
COVID-19 infection
etc.
February 30,053 Gender: M 51.9%, COVID-19 vaccine All participants Nomura et al.,
26— F 47.9%, 00.2% intention - Yes 56.1%  The Lancet
March 4, Prefecture - Not sure 32.9%  Regional Health
2021 Highest educational -No 11.0% — Western
level Pacific,
Occupation type July 2021
Annual household [213]
income
Household size
Marital size
To what extent did the
COVID-19 pandemic
affect your life,
within the past year?
March 8- 2,505 Age:181to 39, Trust COVID-19 - 47% Institute of
May 16, 40 to 65, Global health
2021 65 and older Believe their health - 47% Innovation,

authorities will
provide them

with an effective
COVID-19 vaccine

Imperial College
London,

May 2021

[214]
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3.10. Chapter Summary

This chapter quantitatively evaluated the performance of the COVID-19 vaccination project for
the primary series in Japan with international comparisons: the latest full vaccination
population coverage with 49 developed countries, authorization dates by vaccine, achievement
dates of 10%, 40%, and 70% full vaccination coverages, average and maximum vaccination
speeds with 48 countries, trends of daily vaccinations with 11 countries which realized the
highest average—maximum speed ratio in the reference countries including Japan.

Japan achieved the 11th widest full vaccination coverage, 82.08%, in the research cohort as
of March 31, 2023. Despite the latest authorization of its first vaccine on February 14, 2021,
Japan became the 13th earliest country achieving 70% full vaccination coverage on October 18,
2021, by the 3rd shortest period from the initial vaccine authorization to the achievement date
of 70% full vaccination coverage, 247 days. The country ranked 11th with the average—
maximum speed ratio of 0.363 with the small oscillation amplitude of the daily vaccinations,
which can be associated with the additional government expenses on overwork and holiday
administration. The international comparison of the daily vaccination trends identified Japan’s
slow pace in the first 80 days from mid-February to early May.

Trends of daily vaccinations by dose round (first or second dose) by vaccine (Pfizer/BioNTech
or Takeda/Moderna) on primary series in Japan were analyzed with vaccine distribution data.
This research found the different levels of the daily distribution ceiling effect on daily
vaccinations with Pfizer/BioNTech and Takeda/Moderna vaccines: the 48.03% and 88.76%
ceiling of daily distributions each.

The analyses identified the vaccination bottleneck in the first 80 days was the vaccine supply
from the national government to vaccination sites, and there could be another dominant
constraint in mid to late May 2021. The demand-side discussions on vaccine hesitancy and
achieved vaccination coverages in the real world implied the possible existence of bottlenecks
on the supply side in mid to late May 2021.
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4. Problem Definitions and Research Approach

This research sets two purposes to explore (1) the critical determinants of COVID-19 vaccination
trends on the primary series in Japan and (2) the improvement room of vaccination operations
by the Government of Japan.

The literature review in Chapter 2 revealed a limited number of comprehensive and
guantitative works on the mechanisms of vaccination trends in Japan. Quantitative evaluations
of vaccination coverages and speeds with international comparisons in Chapter 3 identified the
low vaccination speed in the first 80 days. Comparing vaccine distributions and administrations
exhibits the different ceiling levels of vaccine distribution speed and another potential
bottleneck on the supply side with the low vaccination speed.

Identifying operational mechanisms and improvement options on vaccine rollouts is
beneficial to prepare for future pandemics effectively and efficiently.

The research assumes that the potential core determinants of vaccination speed are willing
populations to take vaccine shots, vaccine deliveries, vaccine stocks at vaccination sites, and
human resource capacities. The assumptions are tested by fitting actual vaccination trends in
Japan with a system dynamics simulation model.

Once the assumptions are validated, operational options on the vaccination project are
explored with the validated vaccination model.
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5. Model Development on Vaccination Trends

This chapter introduces a system dynamics approach to simulate vaccination trends in Japan.
Chapters 5.1 and 5.2 shows the model overview with a time frame. Chapters 5.3 to 5.4 exhibit
stocks and flows of populations and vaccines. Chapters 5.5 to 5.7 discusses key algorithms and
assumptions for demand-supply balancing mechanism with resource constraints. Chapter 5.8
summarizes the system dynamics architecture. Chapters 5.9 and 5.10 list variables and
algorithms in detail for implementation. Chapter 5.11 introduces evaluation metrics for fitting.

5.1. Modeling Approach

The vaccination trends in Japan are simulated with a system dynamics model of the population
and vaccines with R programming language and RStudio. Vaccination trends are time series. A
key research purpose is to dissect mechanisms behind vaccination trends, which demands
explainability on the model. The system dynamics approach can simulate time series behaviors
by explicitly assuming interactions of variables with differential equations.

Figure 5-1 exhibits the model overview. Inputs are categorized into six components: age-
stratified populations, authorization of vaccines and initiation of vaccinations, vaccine
characteristics, vaccine deliveries and stocks, human resources, and other operational factors.
The model consists of stocks and flows of populations and vaccines, and causal loops of human
resource increase and population/vaccine depletions with daily time steps for the primary-
series time range. Key outputs are the population trends of partially and fully vaccinated people
to predict the socio-economic impacts of the vaccination project in further research.

Overview of Vaccination Model

Inputs Simulation Model Outputs
Population by Age Group System Dynamics Model
Stocks & Flows:
Authorization and Initiation - Population Trend of
- Vaccine Partial Vaccination
Coverage

Vaccine Characteristics Causal Loops:

- Human Resource Increase
- Depletions of Populations

Vaccine Deliveries and Stocks and Vaccines Trend of
. Full Vaccination
Time Step Coverage
Human Resources - Daily

Time Range Reference:
Other Operational Factor - Feb. 14 to Nov. 30, 2021

Figure 5-1 Overview of Vaccination Model
Schematic of vaccination model to simulate the trends of partial and full vaccination coverages.
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5.2. Time Step and Range

The model adopts daily time steps for the simulation of the vaccinated population trends. The
time range of simulation in a base case is from February 14, 2021, the authorization date of the
Pfizer/BioNTech vaccine, to November 30, 2021, the day before the initiation of the third dose.
The simulation program has 445 time steps as the available simulation time range, which
corresponds to from December 1, 2020, to February 28, 2022, in the real world.

5.3. Population Stocks and Flows

The model assumes stocks and flows of the population by occupational category by age group
based on the operations in Japan as Figure 5-2. The changes in the total population and
occupational/age structures are not considered in the model.

5.3.1. Authorization of Vaccines and Initiation of Vaccinations

First, citizens in each country are classified in the stock of population not eligible for vaccines
Pn- There is the population flows pflow, o With corresponding age groups moving from p, to
De, the compartment for the eligible population [206] on the earliest dates among the first
vaccine authorization dates for each age group or the day before the earliest initiation dates
minus reservation interval. There is the population flow pflow;,;; with people in corresponding
priority order moving from p, [206] on the day before the earliest initiation dates of
vaccinations minus reservation interval based on priority order with occupation and age group.
The population in pflowy;, is divided into the willing and unwilling population, p,, and p,, with
the willing proportion to take first dose w;.

5.3.2. Willingness Filter of First Dose

Willing people make reservations of their first shots under the reservation capacity [206], which
corresponds to the population flow pflow,,; to the population compartment p,,;. After
passing a reservation interval, people in p.sy1receive or cancel their first doses. Cancellation
might occur due to changing minds and physical conditions [206]. The vaccination and
cancellation flow of the first dose are represented by pflowg; and pflow.p1, respectively.
People taking first doses are classified in the compartment pg;, the population partially
vaccinated but not completing the immunity development interval. The population in
pflowcya is divided into the willing and unwilling population, p, and p,,, with the willing
proportion to take the first dose w;.

56



5.3.3. Partially Vaccinated Population

After passing the immunity development interval with the first dose, the population of
pflowj; is divided into the willing and unwilling population, p;; and pjy5in, With the willing
proportion to take the second dose w,. The population stock p;; stands for the population who
have immunity with the partial fulfillment of the primary series and want to take second doses.
The compartment p;15, stands for the population who have immunity with the partial
fulfillment of the primary series, do not want to take the second dose, and end the vaccination
processes.

5.3.4. Interval from First to Second Dose

This model assumes that people in p;; make reservations to take second doses according to the
standard intervals from the first to second dose by vaccine. The population flow with second
dose reservations is pflow,,, to the population compartment p,,,. After passing a
reservation interval, people in p.sy, receive or cancel their second doses. Cancellation might
occur due to changing mind, physical conditions, and reservation by mistake [206]. The
vaccination and cancellation flows of second doses are represented by pflowg, and
pflowcycz, respectively.

5.3.5. Fully Vaccinated Population

People taking second doses are moved to the compartment p4,, the population fully vaccinated
in the primary series but not completing immunity development interval with second doses.
The population in pflow,, is divided into the willing and unwilling population, p;; and pj1fin,
with the willing proportion to take the second dose w,. After passing the immunity
development interval with the second dose, the population in pg, moves with pflow;, to the
compartment p;,, the stock of people fully immunized.
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Population Stock-Flow Model
Legend
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Figure 5-2 Population Stock-Flow Model
Stocks and flows with people’s vaccination processes in the primary series assumed for simulation.
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5.4. Vaccine Stocks and Flows

This research assumes stocks and flows of vaccines by vaccine developer based on the logistics
in Japan, as Figure 5-3 exhibits. Other resource supplies, needles, syringes, freezers, etc., are not
explicitly considered and assumed to be sufficient for vaccine supplies in the model.

5.4.1. Vaccine Distribution and Reservation

First, the amounts of procured vaccines are set in the stock vy ocured- The national government
officially announces future vaccine delivery and confirms orders from vaccination site operators
by vaccine distribution category [206]. The vaccine flow vflow, 4, Stands for order
confirmations by the national government. The ordered vaccines at the national storages and
on the way to vaccination sites are represented by v, gered-

The model assumes that operators start receiving citizens’ reservations with delivered
vaccines on each vaccination site to avoid cancellations due to supply-side operations. The
delivery flows of vaccines from the national storage to vaccination sites are represented by
Vflowgeliver- The delivered vaccines are stored in stock v Without reservations. Once
operators receive reservations, vaccines in Ugjre MoVe to Vgite rsy1 aNd Vsjte rsy2 With
reservations for first and second doses on vaccination sites, respectively. The vaccine flows
vflow,gy, and vflow,,, stand for the reservations of vaccines for first and second doses,
respectively.

5.4.2. Vaccination and Cancellation

The vaccination and cancellation flow of the first and second doses are represented by vflowy;,
vflowgy, vfloweyca1, and vflowg,q,, respectively. The vaccines in vflowg; and vflowy,

move to the stock of administered vaccines V,qmn1and Vaamn2, respectively, and end
transitions. The vaccines with cancellations return to the on-site vaccine stock v and are
allocated new reservations.
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Vaccine Stock-Flow Model
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Figure 5-3 Vaccine Stock-Flow Model

Assumed stocks and flows of vaccines in the primary series assumed for simulation.
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5.5. Demand-Supply Balancing for Reservations

The model fits the actual daily vaccination trend with vaccination demand and supply
parameters. Reservation is the leading indicator of vaccination. Therefore, the model considers
the national-scale demand-supply balancing on vaccinations to simulate the number of
reservations pflow,sy1, pflow,s,, and accompanied vaccine reservations vflow,,;and
vflow,s,, each time step.

On the demand side, the sum of unvaccinated people willing to take the first doses p,, and
partially vaccinated people willing to take the second doses pj; is the total demand. The model
prioritizes second doses for resource allocation to comply with the scheduled intervals among
first and second doses by vaccine. This assumption can be aligned with the observed vaccination
trends in Japan discussed in Chapter 3.8.

On the supply side, the model assumes the maximum vaccination capacity with the smaller
factor among vaccine capacity discussed and cooperative healthcare workers for vaccinations
discussed in the following chapters. The assumptions of vaccine and human resource
constraints are based on the ceiling effect of vaccine distributions observed with the real-world
datasets in Japan in Chapter 3.8. Considering the gap between daily vaccinations and vaccine
distributions in mid and late May 2021, Figure 3-13 (b) implies that there could be other
bottlenecks besides vaccine supplies. Previous studies [9]-[11] qualitatively point out the
influence of human resource constraints.

Demand—Supply Balancing for Reservations

Citizens’ Demand Vaccination Capacity

MIN( Vaccine Constraints,

Willing People i
Human Resource Constraints)

e o oo
’ ? ? r Determinant '
0JO0J0 0jJ0j0 = Smaller Side

Figure 5-4 Demand-Supply Balancing for Reservations

Schematic of the algorithm to determine the reservation amount each time step as the minimum value among the
remaining willing people and the maximum vaccination capacity based on available vaccines and cooperative
healthcare workers.
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5.6. Vaccine Constraints on Vaccination Capacity
5.6.1. Objective Vaccines and Distribution Datasets

The model simulates the primary-series vaccinations of two vaccines, Pfizer/BioNTech and
Takeda/Moderna vaccines, in Japan based on distribution datasets introduced in Chapter 3.8.
AstraZeneca vaccines, the other authorized vaccines in the simulation time range, are excluded
from the model due to the limitation of distribution datasets and limited impacts on the total
vaccinations.

The vaccine allocations for reservations are simulated based on the four categories of
vaccine distributions in Japan, as Table 5-1 lists. Two categories were with Pfizer/BioNTech
vaccines of 9.65 and 163.82 million doses for healthcare workers and other citizens. The other
two categories were with Takeda/Moderna vaccines of 10.34 and 17.60 million doses for
vaccinations at large sites and workplaces.

Table 5-1 Vaccine Distribution Category
Actual vaccine distribution categories for the primary series in Japan. “Freq.,” “Pop.,” “MM,” and “Ref.” stand for
“Frequency,” “Population,” “Million,” and “Reference,” respectively.

Target Distributed
Category Vaccine Operator of Occupation Target Pop. Initiation Vaccines
Name (Delivery  Vaccination of Target Age G Size Date by mid- Ref.
(ID) Freq)  Site Citizens ge Lroup (MM in2021 Sept. 2021
person) (MM dose)
Vaccinations  Pfizer/ Prefectures Healthcare  All eligible age 4.8 2/17 9.65 [206]-
for BioNTech  Hospitals and groups (4.8%) [208]
Healthcare (14 days)  Clinics
Workers
(PB-HW)
Vaccinations  Pfizer/ Municipalities  All 1) 65 and older 1) 36 1) 4/12 163.82 [206]-
for BioNTech  Hospitals and 2) Citizens with 2) - 2)Depends (81.3%) [208]
Elderly and (14 days)  Clinics underlying on
Other diseases, etc. region
Citizens 3) Others 3)Depends
(PB-0C) on
region
Vaccinations Takeda/ Municipalities  All 1) 65 and older - 1)5/24 10.34 [206],
at Moderna  Hospitals 2) Citizens with 2)Depends (5.1%) [207],
Large Sites (7 days) JSDF underlying on [215]
(TM-LS) diseases, etc. site
3) Others
Vaccinations Takeda/ Cooperative All 1) 65 and older - Depends 17.60 [206],
in Moderna  Organizations 2) Citizens with on sites (8.7%) [207],
Workplaces (7 days) underlying (Earliest [216]
(TM-WP) diseases, etc. example
3) Others on 6/13)
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5.6.2. Comparing Vaccine Inflow and Stock
The vaccine constraint on vaccination capacity with first doses is defined as:

Vaccine Constraint = max( Allocated Available Vaccine Inflow with vflowgejiver
Allocated Available Vaccine Stock with vg;ie) -

The model assumes that vaccine operators determine maximum vaccine capacities with vaccine
inflows and stocks proportionally allocated to predicted willing populations py, predict by
occupation category by age group, corresponding to vaccine distribution categories. In the initial
status, operators do not know the citizens’ willingness. Therefore, the simulation assumes that
operators utilize the predicted willing population py, pregict With the initially assumed
willingness proportion of 100% as the proxy of the actual stock p,.

5.6.3. Vaccine Inflow with Ceiling Effects

To calculate the maximum available vaccine inflows for first-dose reservations each time step,
the model assumes that operators consider the different ceiling effects of vaccine distributions
and corresponding reservation rules with Pfizer/BioNTech and Takeda/Moderna vaccines.

The observation in Chapter 3.8 found the thresholds of halved and nearly full vaccine
distribution flows on first-dose vaccinations with the Pfizer/BioNTech and Takeda/Modena
vaccines, respectively. The finding implies that operators tend to reserve Pfizer/BioNTech
vaccines for both the first and second doses with first-dose reservations, while most of the
other operators with Takeda/Moderna vaccines receive as many first-dose reservations as
possible under constraints of weekly vaccine inflows and incoming second doses. These
estimated mental models are integrated into the simulation algorithm with the following
equation.

For operations on Pfizer/BioNTech vaccines
Allocated Available Vaccine Inflow = Allocated vflowgejiver * Ceiling Coefficient
For operations on Takeda/Moderna vaccines

Allocated Available Vaccine Inflow = Allocated vflowgeiver * Ceiling Coefficient
— Reservations for Second Doses

The ceiling coefficients are 48.03% and 88.76% for Pfizer/BioNTech and Takeda/Moderna
vaccines, respectively, based on the results in Chapter 3.8.

5.6.4. Vaccine Stock

With the decreasing vaccine deliveries, especially at the end of the vaccination campaigns,
vaccine stocks on vaccination sites v;:. are utilized to receive new reservations. The model
assumes that operators calculate the maximum available vaccine stocks for first-dose
reservations at a time step by the following equation.
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For operations on Pfizer/BioNTech vaccines

Allocated Available Vaccine Stock = Allocated v + Delivery Frequency
<+ Number of Scheduled Doses in Primary Series

For operations on Takeda/Moderna vaccines

Allocated Available Vaccine Stock = (Allocated v + Delivery Frequency
— Reservations for Second Doses)
<+ Number of Scheduled Doses in Primary Series

The delivery frequencies are 14 days and 7 days with distributions of the Pfizer/BioNTech and
Takeda/Moderna vaccines, respectively. The numbers of scheduled doses with both the
Pfizer/BioNTech and Takeda/Moderna vaccines are two for the primary series.

5.7. Human Resource Constraints on Vaccination Capacity
5.7.1. Screeners and Shooters for Vaccination Processes

Each vaccination has three steps on site, screening, dilution and filling of vaccines, and injection
[217]. Only doctors could screen people who are eligible and medically appropriate for
vaccinations under regulations in Japan. Dilution and filling of vaccines are implemented by
nurses or pharmacists. Doctors or nurses can inject vaccines. To increase available human
resources, MHLW allowed vaccine injection by dentists on April 26, 2021 [218], clinical
laboratory technicians and emergency medical technicians on June 4 [219]. MHLW also enabled
vaccine dilution and filling by clinical engineering technicians on June 4, 2021 [219].

This research considers available cooperative screeners and shooters as the representatives
of human resource constraints on vaccination capacity. In the simulation, doctors are the only
cohort for screeners, and nurses are for shooters with dilution and filling processes. The
populations of other shooter candidates are not counted in the available cohort. The sum of
these populations equals 16% of 1,281 thousand nurses in 2020 [220]: dentists of 107 thousand
in 2020 [221], clinical laboratory technicians of 55 thousand (full-time equivalent) in 2020 [222],
and emergency medical technicians in firefighter brigades of 41 thousand in 2021 [223].

Within doctors, industrial physicians are considered as the available cohort of screeners for
workplace vaccinations with Takeda/Moderna vaccines because MHLW had requested
workplace vaccination operators to prepare human resources by themselves and not to affect
the vaccinations by local governments [224]. The population of other doctors is counted in the
available maximum shooters for vaccinations with Pfizer/BioNTech vaccines and
Takeda/Moderna vaccines at large sites. The population of active industrial physicians certified
by the Japan Medical Associations was 32 thousand in 2020 [225], while the total doctors’
population was 340 thousand in 2020 [221].
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5.7.2. Full Immunization Assumption and Participation Rate

The key assumption of human resources in the model is that only fully vaccinated doctors and
nurses cooperate with the vaccination project as screeners and nurses after they experience the
immunity development interval with the second dose. The national government prioritized
these healthcare workers to take vaccine shots first, considering their infection risks [206].
Following this risk management viewpoint, this simulation assumes that doctors and nurses
tend to avoid participating in the vaccination campaign until they get fully immunized. The
numbers of fully vaccinated doctors and nurses are the maximum amounts of available
screeners and shooters, respectively.

The exception to this assumption is the vaccinations of healthcare workers. Due to the low
infection risks with professional knowledge and practices, the model assumes no human
resource constraints on the vaccination of healthcare workers.

The model also considers the participation rates of fully vaccinated doctors and nurses in
the vaccination project. Due to their daily work and emergency responses during the pandemic,
only some part of the cohorts could commit to the project full-time. Therefore, the populations
of available cooperative screeners and shooters are defined as the product of maximum
available workers and participation rates.

5.7.3. Shooter-Screener Ratio and Determinant of Human Resource Constraint

The number of available cooperative screeners and shooters are converted into the vaccination
capacity constraints by the following equations:

Screener Constraint on Vaccination Capacity (dose/day)
= Number of Fully Immunized Screeners (person) X Participation Rate (%)
X Weekly Proportion of Working Days (%)
X Shooter- Screener Ratio on Vaccination Site (dimentionless)
X Productivity of Shooters (dose/person/day)

Shooter Constraint on Vaccination Capacity (dose/day)
= Number of Fully Immunized Shooters (person) X Participation Rate (%)
X Weekly Proportion of Working Days (%)
X Productivity of Shooters (dose/person/day)

In the simulation model, the smaller side is treated as the vaccination capacity constraint from
the human resource viewpoint.

The shooter—screener ratio is the proxy of logistics excellence on vaccination sites. The
larger the ratio, the fewer screeners are required to prepare a vaccination capacity. For example,
the planned shooter—screener (nurse—doctor) ratio could been estimated at 1.85 on average
and 2.02 at maximum with Pfizer/BioNTech vaccinations for the elderly and other citizens on
June 14, 2021 [226]. In this vaccination logistics by municipalities, 87% of vaccination sites are
with clinics and small facilities. On the other hand, the shooter—screener (doctor—nurse) ratio at
JSDF’s large vaccination sites with Takeda/Moderna vaccines ranged from 4.33 to 5.33 [227].

65



5.7.4. Human Resource Allocations among Vaccine Distribution Categories

The model assumes the macroscopic adjustment mechanism on human resources in Japan,
which allocates the available cooperative doctors and nurses to operations with three vaccine
distribution categories of vaccinations for the elderly and other citizens with Pfizer/BioNTech
vaccines (PB-OC), those at large vaccination sites, and in workplaces with Takeda/Moderna
vaccines (TM-LC and TM-WP) in this order. The amounts of human resource allocations are
determined by considering the maximum shooter—screener ratio achievable with operations
with each vaccine distribution category.

First, cooperative doctors and nurses are allocated between PB-OC and TM-LC, considering
the ratio of vaccine constraints based on vflowgejiver anNd Vysy2- Then, the rest of the
cooperative nurses are counted in the human resource capacity with occupational physicians for
TM-WP administrations.

Human resource capacities are allocated to populations by occupation category by age
group with the proportion of the predicted willing populations py, predict-
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5.8. System Dynamics of Vaccination Processes

Figure 5-5 summarizes the system dynamics of vaccination processes with stocks and flows of
population and vaccines with the mechanisms of demand-supply. There are three key causal
loops: Reinforcing loop with human resource increase, balancing loop with willing people, and
balancing loop with available vaccines.

The reinforcing loop of human resource increase indicates that, as the cumulative
vaccination increases, the population of fully vaccinated people ps, human resource capacity
with doctors and nurses, and the daily reservations go up. The balancing loops of resource
depletions exhibit that remaining willing populations p,, and p;; and not-reserved vaccine
stocks in v decrease as vaccinations increase, and the decreases lead to the decline of

vaccinations.
As the daily reservations are the leading indicators of daily vaccinations, the trends of

vaccination speeds are determined by the integrated causal-loop effects of the increasing
human resource capacity and depleting population and vaccines.

System Dynamics of Vaccinations legend  Stock  X>Flow Variable > couealtink (KD tonn 1 (B Lany ¢
Population Causal Loop Vaccine
n procured
i‘ pflowautho vflowgrder %
Vordered

Pe
bi‘ pflowinit +ﬁ/§;ﬂowdenver$
Depletion of
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Figure 5-5 System Dynamics of Vaccinations
System dynamics of vaccination processes with population and vaccine stock-flow diagrams. Flows of cancellations

are omitted.
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5.9. Variables

Table 5-2 lists the basic variables referred to in each variable. Table 5-3 displays the
correspondence of vdc and vc, sc, oc, age. Table 5-4 and Table 5-5 introduce input and output
variables in the simulation model each.

Table 5-2 Basic Variables and Domains
Basic variables and domains referred to in other variables.

Variable Domain  Note
t 1-517 Daily time steps. t = 1 to 31 and 487 to 517, corresponding to October 31 to November 30, 2021,
and March 1 to 31, 2022, are buffers for time-series simulation algorithms.
vc lor2 Vaccine Category. vc = 1 and 2 correspond to Pfizer/BioNTech and Takeda/Moderna vaccines each.
sc lor2 Site Category. sc = 1 corresponds to vaccination sites operated by local governments or JSDF. sc =
2 for workplaces of cooperative organizations.
oc 1-5 Occupation Category. oc = 1,2, 3,4, and 5 correspond to doctors excluding occupational
physicians, occupational physicians, nurses, other healthcare workers, and other citizens.
age 1-21 Age Group. age = 1,2, 3,and 4 correspond to 0-11 years old (y.0.), 12-15 y.0., 16-17 y.0., and 18—

19 y.o. The values of from 5 to 20 correspond to five-year age group from 20-24 to 95-99. age =
21 for 100 y.o0. and older.

vdc 1-4 Vaccine Distribution Category. vdc = 1 and 2 correspond to vaccine distributions for vaccinations
of healthcare workers, the elderly and other citizens with Pfizer/BioNTech vaccines. vdc = 3 and 4
for vaccinations at large sites and in workplaces each with Takeda/Moderna vaccines.

Table 5-3 Correspondence Table of Vaccine Distribution Categories
Correspondences of vaccine distribution categories with vaccine categories, site categories, occupation categories,
and age groups. The values of age groups represent the maximum range in the simulation.

Vaccine Vaccine Distribution Category Name vdc vCe sc oc age
Pfizer/BioNTech Vaccinations for Healthcare Workers 1 1 1 1-4 5-21
Vaccinations for Elderly and Other Citizens 2 1 1 5 2-21
Takeda/Moderna Vaccinations at Large Sites 3 2 1 1-5 2-21
Vaccinations in Workplaces 4 2 2 5 2-21
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Table 5-4 Input Variables

Input variables of the simulation model. “dmnl” stands for “dimensionless.”

Variable Category

Variable

Unit

Note

Initial Value

Reference
of Initial
Value

Population

pwu(oc, age)

person

Total population in Japan
by occupation by age group

69

Doctors’ population, except for occupational
physicians, is calculated as the gap between
the national statistics as of December 31,
2020, and the numbers of occupational
physicians. The number of age 24 and younger
in the original national dataset is treated as
the value with the age group of 20-24 in the
simulation.

For the occupational physicians’
population, the number of active certified
occupational physicians by Japan Medical
Associations as of August 14, 2019, is referred
to. The age groups by ten years in the
reference are decomposed into the age groups
in Table 5-2 with the assumption of equal
population distribution in each year old in
each age group.

Nurses’ population is the value as of the
end of 2020 with the national dataset. The
population under 25 in the original dataset is
treated as the value with the age group of 20—
24 in the simulation.

The age distributions of other healthcare
workers are calculated with the age
distributions of doctors, occupational
physicians, and nurses. This age distribution is
multiplied by the gap between the introduced
population of 4.8 million healthcare workers
by the Prime Minister’s Office of Japan and
the summed population of doctors,
occupational physicians, and nurses.

The age-stratified populations of other
citizens are the gap of the total populations
and the summed populations of doctors,
occupational physicians, nurses, and other
healthcare workers. Total populations in Japan

[221]

[225]

[220]

[208]

(53]



wq1 (oc, age)

waz (0c, age)

Wdl,predict (OC: age)

Wdz,predict (OC: age)

CPa1

%

%

%

%

%

Proportion of willing people to
take first dose

Proportion of willing partially
vaccinated people to take second
dose

Proportion of willing people to
take first doses predicted by
vaccination site operators

Proportion of willing partially
vaccinated people to take second
doses predicted by vaccination
site operators

Cancellation probability with first-
dose reservations

70

are as of January 1, 2022. Regarding the age
groups under 20 years old, the reference data
of age groups by five years are decomposed
and recombined to prepare age groups in
Table 5-2 with the assumption of equal
population distribution in each year old in
each age group.

74.39%—-100.00%

The values are calculated by dividing the
actual data of age-stratified cumulative people
who have taken the first doses and more as of
April 10, 2023, by the total populations in
corresponding age groups as of January 1,
2022. The value of 101% with age 100 years
old and older is calibrated to 100%. The same
values are applied for all the occupation group
by age group.

99.17%—99.82%

The values are calculated by dividing the
actual data of age-stratified cumulative people
who have taken first and second doses as of
April 10, 2023, by the total populations in
corresponding age groups as of January 1,
2022. The same values are applied for all the
occupation groups by age group.

100%

Vaccination operators’ initial prediction on the
citizens’ willingness to take the first doses.
This variable is utilized to simulate human
resource and vaccine allocations by operators.
100%

Vaccination operators’ initial prediction on the
partially vaccinated citizens” willingness to
take second doses. This variable is utilized to
simulate human resource and vaccine
allocations by operators.

1.021%

The cancellation probability is calculated with
the actual data of reservations and
vaccinations in JSDF vaccination sites from
May 24 to September 23, 2021. The value is

(51]

(53]

[51]

(53]

Assumption

Assumption

[227]



Authorization and Initiation

CPaz

date,,mo(ve, age)

datei,;(ve, sc, oc,age)

%

date

date

the average value of two JSDF vaccination sites
in Tokyo and Osaka.

Cancellation probability with 1.021%
second-dose reservations The same value to cpy; -
Date of vaccine authorization vc = 1, Pfizer/BioNTech vaccines

age = 3 to 21, Age 16 y.o. and older:
February 14, 2021 (t = 107)

age = 2, Age 12-15y.o.
June 1, 2021 (t = 214)

vc = 2, Takeda/Moderna vaccines
age = 4to 21, Age 18 y.o. and older
May 21, 2021 (t = 203)
age = 2 and 3, Age 12-17 y.o.
August 3, 2021 (t =277)

Other cases
July 26, 2023 (t = 999)
Initiation date of vaccination vc = 1, Pfizer/BioNTech vaccines
sc=1l,0oc=1to4
Vaccinations for healthcare workers
age = 5to 21
February 17, 2021 (t = 110)

sc=1,0c=5
Vaccinations for Elderly and
Other Citizens
age = 14 to 21, Age 65 y.o. and older
April 12,2021 (t = 164)
age = 4 to 13, Age 18-64 y.o.
June 17, 2021 (t = 230)
Refer to the initiation date of
the vaccinations at large sites.

vc = 2, Takeda/Moderna vaccines
sc=1l,0oc=1to4
Vaccinations at large sites
age = 14 to 21, Age 65 y.o. and older
May 24, 2021 (t = 206)
age = 4 to 13, Age 18-64 y.o.
June 17, 2021 (t = 230)
age = 2 and 3, Age 12-17 y.o.
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[52], [206]

(52]

[206]

(52]

Assumption

[208]

[208]

Assumption

[228]

[228]



Vaccine Characteristic

Vaccine Supply

NUMgose (UC)

intrvl, (vc)

intrvly, 42 (vc)

intrvl;, (vc)

Uflowdeliver (UdC)

intrvlyeliver (vdc)

dose

day

day

day

dose/day

day

Number of doses required in
primary series by vaccine

Immunity development interval
with first dose

Interval between first and second
doses

Immunity development interval
with second dose

Daily delivered vaccines on
vaccination sites

Interval from order confirmation
to delivery of ordered vaccines
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August 3, 2021 (t = 277)
Refer to authorization date.

sc=2,0c=5
Vaccinations in workplaces

age = 4 to 21, Age 18 y.o. and older

June 13, 2021 (t = 226)
age = 2 and 3, Age 12-17 y.o.
August 3, 2021 (t = 277)
Refer to authorization date.

Other cases
July 26, 2023 (t = 999)
vc = 1, Pfizer/BioNTech vaccines
2 doses

vc = 2, Takeda/Moderna vaccines
2 doses

vc = 1, Pfizer/BioNTech vaccines
12 days

vc = 2, Takeda/Moderna vaccines
14 days

vc = 1, Pfizer/BioNTech vaccines
21 days

vc = 2, Takeda/Moderna vaccines
28 days

vc = 1, Pfizer/BioNTech vaccines
7 days

vc = 2, Takeda/Moderna vaccines
14 days

The dataset prepared in Chapter 3.8.

vdc =1
Vaccinations for healthcare workers
7 days

vdc =2

Vaccinations for elderly and other citizens

11 days

[52]

[207], [216]

[52]

Assumption

(3]

(3], [72]

[229]

[230]

(3]

(3], [72]

[229]

[230]

[206], [207]

[231]

[206]



Human Resource

freqgeiiver(vdc)

PTdoctor

PTop

anurse

maxratioyperpop (VC, SC)

day

%

%

%

dmnl

Frequency of vaccine delivery

Participation rate of doctors
excluding occupational physicians
in vaccination project

Participation rate of occupational
physicians in vaccination project

Participation rate of nurses in
vaccination project

Maximum achievable ratio of
nurses to doctors or occupational
physicians on vaccination site

73

According to the delivery schedule in mid
and late-May 2021 with Pfizer/BioNTech
vaccines.

vdc =3
Vaccinations at large sites
11days

vdc = 4
Vaccinations in workplaces

11days

The same value to the case of vdc = 3.
vc = 1, Pfizer/BioNTech vaccines

14 days

vc = 2, Takeda/Moderna vaccines

7 days
21.12%
The planned number of doctors participating
in vaccinations by municipalities as of June 14,
2021, is divided by the total population of
doctors as of December 31, 2020, excluding
active occupational physicians certified by the
Japan Medical Association as of August 14,
2019.
12.74%
The number of vaccination sites at workplaces
that had received Takeda/Moderna vaccines
by October 31, 2021, is divided by the total
population of active occupational physicians
certified by the Japan Medical Association as
of August 14, 2019.
9.378%
The planned number of nurses participating in
vaccinations by municipalities as of June 14,
2021, is divided by the total population of
nurses as of the end of 2020.
vc = 1, Pfizer/BioNTech vaccines

sc=1

Vaccinations operated by municipalities

2.02

[232]

Assumption
[206], [207]

[226]
[221]

[225]

[233]

[225]

[226]

[220]

[226]



Other Operational Factor

daywork
prd

ceiling(vdc)

intrvl,.g,

day
dose/day
/person

%

day

Working days per week
Number of daily vaccine doses
one nurse can administer

Coefficient of ceiling effect on
daily reservations with vaccine
distributions

Interval between a reservation
and vaccination

The maximum ratio of planned numbers
of nurses and doctors participating in
vaccinations at school facilities operated
by municipalities as of June 14, 2021,
among other five facility types for
vaccination sites: clinics for individual
vaccinations, hospitals and clinics for mass
vaccinations, health centers, public halls,
and other facilities.

sc=2

0
No administration at workplaces with
Pfizer/BioNTech vaccines.

vc = 2, Takeda/Moderna vaccines
sc=1
Vaccination at large facilities
5.33
The nurse—doctor ratio observed at JSDF
vaccination site in Osaka in 2021, which is
large than the number at other JSDF site

in Tokyo, 4.33.

sc=2

Vaccination in workplaces
5.33

The same value to the case of
ve=2,sc=1.
5 days
34.86
The average value of maximum daily
capacities divided by the total number of
nurses at JSDF vaccination sites in Tokyo and
Osaka.
ve = 1, Pfizer/BioNTech vaccines
48.03%

vec = 2, Takeda/Moderna vaccines
88.76%
7 days

[227]

Assumption

Assumption
[227]

Assumption
based on
Chapter 3.8

[215]
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Table 5-5 Output Variables
Input variables of the simulation model.

Variable Category Variable Unit Note Initial Value Reference
of Initial Value
Population pn(t,oc,age) person Stock of population ineligible to take any piy Assumption

vaccine

pflow,umo (t, 0C, age) person/day Flow of population with vaccine 0 -
authorization

pe(t, oc,age) person Stock of population eligible, but not in turn, 0 -
to take vaccine

pflowy,;c(t, oc,age) person/day Flow of population with initiation of 0 -
vaccination

pw(t,oc,age) person Stock of population in turn, and willing to 0 -
take first dose

pu(t,oc,age) person Stock of population in turn, and unwilling to 0 -
take first dose

pflow,s,1(t, vC, sC, 0C, age) person/day Flow of population who get first-dose 0 -
reservations

Prsvi(t, vC, SC,0C, age) person Stock of population with reservation of first 0 -
dose

pflowy, (t, vc, sc, oc,age) person/day Flow of population with first doses 0 -

pflow.,a1(t, ve, sc, oc, age) person/day Flow of population with the cancellation of 0 -
first dose

pa1(t,ve, sc,oc,age) person Stock of population who have taken first 0 -
dose, and have not experienced immunity
development interval

pflow; (t, vc, sc, oc, age) person/day Flow of population completing immunity 0 -
development with first dose

pi1(t, ve, sc, oc,age) person Stock of population who have experienced 0 -
immunity development interval with first
dose, and is willing to take second dose

Pixin (t, VC, SC, 0C, age) person Stock of population who have experienced 0 -
immunity development interval with first
dose, and is unwilling to take second dose

pflow,,,(t, vc, sc,oc,age) person/day Flow of population who get second-dose 0 -
reservations

Prsv2 (t, vC, SC,0C, age) person Stock of population with reservation of 0 -
second dose

pflowy,(t, vc, sc, oc,age) person/day Flow of population with second doses 0 -
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Vaccine Supply

Human Resource
Other Operational Factor

pflow.,a2(t, ve, sc, oc, age)

paz(t,vc, sc,oc,age)

pflow;, (t, ve, sc, oc, age)

pi2(t, vc, sc, oc, age)

Uprocured (t, UC)

1Jflowordered (t, Udc)
Vordered (t: Udc)

1Jflowdeliver (t, Udc)

Usite (t: UdC)

vflow,,1(t, vec, sc,oc, age)
vflow,g,,(t, vc, sc,oc,age)
vrsv1 (t, V€, SC, 0C, age)

Vrsv2 (t, UC, SC, 0C, age)
vflowy, (t, vc, sc,oc, age)
vflowg, (t, ve, sc,oc, age)
vflow,q1(t, ve, sc,oc, age)
vflow,q2(t, ve, sc,oc, age)
Vaamni (8, V€, SC, 0C, age)
Vaamnz (t, V€, SC, 0C, age)
capacityy(t, vc, sc,oc,age)

rsvflowl(t,vc, sc,oc,age)
rsvflow2(t, vc, sc,oc,age)

person/day

person

person/day

person

dose

dose/day
dose
dose/day
dose
dose/day
dose/day
dose
dose
dose/day
dose/day
dose/day
dose/day
dose
dose
dose/day

reservation/day
reservation/day

Flow of population with the cancellation of
second dose

Stock of population who have taken second
dose, and have not experienced immunity
development interval

Flow of population completing immunity
development with second dose

Stock of population who have experienced
immunity development interval with second
dose

Stock of vaccines a national government has

Flow of vaccines ordered by vaccination
operators

Stock of vaccines ordered by vaccination
operators

Flow of vaccines on the way of delivery
without reservation

Stock of vaccines on each vaccination site
without reservations

Flow of vaccines on sites reserved for first
doses

Flow of vaccines on sites reserved for second
doses

Stock of vaccines on sites with reservations
for first doses

Stock of vaccines on sites with reservations
for second doses

Flow of daily first doses

Flow of daily second doses

Flow of cancellations with first doses

Flow of cancellations with second doses
Stock of vaccines administered as first doses
Stock of vaccines administered as second
doses

Allocated available human resource capacity
Reservations for first doses

Reservations for second doses

vc=1
174 million doses

vc =2
28 million doses

O OO OoOOoOo

o o

Assumption
based on the
distributed
vaccines in Japan
[207]
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5.10. Algorithms
5.10.1. Core Workflow

The following operations in order introduce the stock-flow algorithm of populations and
vaccines in the simulation model. “X 1” in the equations is for unit adjustment.

For t = 1, input initial values into p, and Vprocured, Prepare pflow,umo (¢, oc, age) and
pflow;nit(t, oc, age).

For t = 2 to 31, update stocks.

pu(t,oc,age) = p,(t —1,0c,age)
vy (t,ve) = pu(t —1,vc)

For t = 32 to 486, calculate the following equations,
Update upstream vaccine stocks and flows.
vfloworder(tr T, UdC) = Uflowdeliver(t + intrvldeliver' T, UdC)

vprocured(t' ve) = Uprocured(t —1,vc)
- Zvdc vfloworder(t’ de)

vordered(tJ UdC) = vordered(t - 1; UdC) + vfloworder(t' UdC) - vflowdeliver(t' Vdc)

vsite(tr UdC) = vsite(t - 1rvdc) + vflowdeliver(tr Vdc)

Update upstream population stocks and flows.
pn(tl oc, age) = pn(t - 1' oc¢, age) - pflowautho(tJ oc¢, age)
pe(t,0c,age) = pe(t —1,0c,age) + pflow,umo(t, oc, age)
— pflowyyic(t, oc, age)
pw(t,oc,age) = p,(t —1,0c,age) + wy,(oc,age) X pflow;,;(t, oc, age)

(t,oc,age) = (t —1,0c,age)

prredict
+ wyy(oc, age) X pflowy,;(t, oc, age)

pu(t,oc,age) = p,(t —1,0c,age) + (1 — wy,(oc,age)) X pflow;y;(t, oc,age)
pu_predict(tr oc, age) = pu_predict(t - 1' oc, age)

+(1 — wyq(oc, age)) X pflowiyi(t, oc, age)

prredict
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Run reservation algorithms in Chapter 5.10.2.

Update stocks and flows with vaccination and immune development.
pflowg,(t, ve, sc,oc,age) = (1 — cpqr) X pflowg, (t — intrvl.,, ve, sc,oc,age)
pflowenai(t, ve, sc,oc,age) = cpqy X pflowgy1 (t — intrvl.g, vc, sc, oc, age)

vflowy, (t, vc, sc,oc,age) = pflowy, (t, vc,sc,oc,age) X 1
vflowena1 (t, ve, sc,oc, age) = pflowe,a1 (t, ve, sc,oc,age) X 1

pflow;; (t, vc,sc,oc,age) = pflowy, (t — intrvl;, (vc),ve, sc, oc,age)

Prsvi (t, V€, 5C, 0, age) = prsv1(t — 1, V¢, SC, 0, age)
+ pflow,g,1 (t, veC, sC, 0C, age)
—pflowy, (t, vc,sc,oc,age) — pflowe,a1 (t, ve, sc, oc, age)

Vrsv1 (t, V€, SC, 0C, age) = vpg1 (t — 1, vc, SC, 0C, age)
+ vflow,g1 (t, Ve, SC, 0C, age)
— vflowy, (t, vc, sc,oc,age) — vflow,q41(t, ve, sc, oc, age)

pa1(t, ve, sc, oc, age) = pgy(t — 1,vc, sc, oc, age)
+ pflowy, (t, vc, sc,pc,age)
— pflow;, (t, vc, sc,oc, age)

Vadmni (t, V€, 8¢, 0, age) = Vagmn1 (t — 1, V¢, Sc, 0, age)
+ vflowgy, (t, vc, sc, oc, age)

pi1 (t, vc, sc,oc,age) = pi;(t — 1, vc, sc,oc, age)
+ wq,(0c, age) X pflow;; (¢, ve, sc,oc,age)
— pflows,,(t,ve, sc,0c,age)

Pisin (t, VC, SC,0C, age) = pisn(t — 1, vc, SC, 0C, age)
+ (1 — wyz(oc,age)) X pflow;, (¢, ve, sc,oc,age)

pflowg, (t,ve, sc,oc,age) = (1 — cpgz) X pflow,s,,(t — intrvl.,, vc, sc,oc,age)
pflowenaz(t, ve, sc,oc,age) = cpaz X pflowgy, (t — intrvl.g, vc, sc, oc, age)

vflowg,(t, vc, sc,oc,age) = pflowy,(t, vc,sc,oc,age) X 1

For vc = 1, operations with Pfizer/BioNTech vaccine distributions
vflowena2(t, ve, sc,oc, age) = pflowe,q1 (t, ve, sc,oc, age) X 1

For vc = 2, operations with Takeda/Moderna vaccine distributions
vflowena2(t, ve, sc,oc, age) = pflowe,q2(t, ve, sc,oc, age) X 1

pflow;,(t, vc,sc,oc,age) = pflowy,(t — intrvl;,(ve), ve, sc, oc, age)
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paz(t,vc,sc,oc,age) = pg2(t — 1, vc, sc, oc, age)
+ pflowg, (¢, ve, sc,oc, age)
— pflow;,(t, v, sc,oc,age)

pi2(t, vc,sc,oc,age) = pi(t — 1, vc, sc,oc, age)
+ pflow;, (t, vc, sc,oc, age)
Add wy,(oc,age) X pflowq,a2(t, v, sc, oc, age) to pi, (t, ve, sc, oc, age).

Add (1 — wq (oc, age)) X pflowena2 (t, ve, sc, oc, age) to piisn(t, ve, sc, oc, age).

Update py, Dw predict: Pu aNd Py _predict With summed inflows and outflows.

(— pflow,sy1 (t, ve, sc, 0c, age)

Add Zpe se + wg,(oc,age) X pfloweyay (t, v, sc, oc, age))

to corresponding py, (t, oc, age) and py, predict(t, 0c, age).

Add By sc (1= War (o€, age)) X pflowenas (t, v, s¢, oc, age))

to corresponding p, (¢, oc, age) and p, predict(t, 0, age).

Update vg;ie (t, vdc) with summed inflows and outflows.

(—vflowgy1 (t, Ve, sc,0c,age) — vflow,g,, (t, Ve, sc, 0c, age)

Add
Lve,scioc.age + vflowenqq (t, ve, sc,0c,age) + vflow,q,(t, ve, sc,oc,age))

to corresponding vs;ie (t, vdC).

Fort = 487 to 517, update stocks and flows with no additional vaccine authorization, initiation,
vaccine order and reservation.

Update upstream vaccine stocks and flows.

vprocured(t' ve) = Uprocured(t —1,vc)
vordered(tJ UdC) = vordered(t - 1; UdC) - vflowdeliver(tJ ‘UdC)

vsite(tr UdC) = vsite(t - 1rvdc) + vflowdeliver(tr Vdc)

Update upstream population stocks and flows.
pu(t,oc,age) = p,(t —1,0c,age)

pe(t,oc,age) = p.(t —1,0c,age)
pw(t,oc,age) = p,(t —1,0c,age)

pwpredict (t' oc, age) = prredict (t - 1' oc, age)
pu(t,oc,age) = p,(t —1,0c,age)

pu_predict(tr oc¢, age) = pu_predict(t - 1' oc, age)
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Input zero to reservation variables.
capacityy(t,vc,sc,oc,age) =0
rsvflowl(t,vc, sc,oc,age) = 0
pflow,,(t, vc,sc,oc,age) =0
vflow,g1 (t, ve, sc,0c,age) =0
rsvflow2(t,vc, sc,oc,age) = 0
pflow,.g,,(t,vc,sc,oc,age) = 0

vflow,s,,(t,vc,sc,oc,age) =0

Update stocks and flows with vaccination and immune development.
Update py, Dw predicts Pu aNd Py _predict With summed inflows and outflows.
Update vg;ie (t, vdc) with summed inflows and outflows.

Algorithms for these three workflows are the same to t = 32 to 486.

5.10.2. Reservation

The following reservation algorithms run in the core workflow each time step of t = 32 to 486.
Unit adjustment factors are abbreviated.

For vc = 1, operations on Pfizer/BioNTech vaccines

(Allocated Available Vaccine Inﬂow)
m

Allocated Available Vaccine Stock
rsvflowl(t,vc, sc,oc,age) = min
Allocated Available Human Resrouce Capacity

pw(t,oc,age)
Subscript variables t, vc, sc, oc, and age are abbreviated.
pflow.,1(t, vc, sc,oc,age) = rsvflowl(t, vc, sc,oc,age)
vflow,g1 (t, ve, sC,0c, age) = rsvflowl(t, vc, sc,oc, age)
vflow,s,,(t,ve, sc,oc,age) = rsvflowl(t, vc, sc,oc,age)

rsvflow2(t, vc, sc,oc,age) = wq,(oc, age) X
(pflowg,(t — (intrvlg g, (ve) — intrvl.g,), vc, sc, oc,age)
+ pflowehaz(t — 1, vc, sc, oc, age) )

pflow,.g,,(t, vc, sc,oc,age) = rsvflow2(t, vc, sc,oc,age)
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For vc = 2, operations on Takeda/Moderna vaccines,

rsvflow2(t, vc, sc,oc,age) = wq,(oc, age) X
(pflowg,(t — (intrvlg g, (vec) — intrvl.g,), vc, sc, oc,age)
+ pflowenaz(t — 1, vc, sc, oc, age) )

pflow,.g,,(t, vc, sc,oc,age) = rsvflow2(t, vc, sc,oc,age)
vflow,s,,(t,ve, sc,oc,age) = rsvflow2(t, vc, sc,oc,age)

rsvflowl(t,vc, sc,oc,age)
(Allocated Available Vaccine Inﬂow)

. Allocated Available Vaccine Stock
= max | ™| Allocated Available Human Resrouce Capacity

Adjusted p,,
0

Subscript variables t, vc, sc, oc, and age are abbreviated.
For vdc = 3
Adjusted py,(t,oc,age) = py(t,oc,age) — pflow.,1(t, 1, 1,0c,age)
Forvdc = 4
Adjusted p,,(t,oc,age) = py(t,oc,age) — pflow.,1(t, 1, 1,0c,age)
—pflow,sy1(t,2,1,0c,age)
pflow.,1(t, vc, sc,oc,age) = rsvflowl(t, vc, sc,oc,age)

vflow,g1 (t, ve, sC,0c, age) = rsvflowl(t, vc, sc,oc,age)

5.10.3. Vaccine Inflow Allocation

Allocated available vaccine inflows in the reservation algorithms are derived from the following
operations. To avoid excess reservations in the last two weeks of Takeda/Moderna vaccine
deliveries, allocated available vaccine inflows are defined as zero.

For vc = 1, operations on Pfizer/BioNTech vaccines, considering vc, sc, oc, age, and vdc
correspondences,

Allocated Available Vaccine Inflow (t, vc, sc, oc, age)
= Allocated Vaccine Inflow (t, oc, age, vdc) X ceiling(vdc)

Allocated Vaccine Inflow (t, oc, age, vdc) =

If Dw predict(t, 0c,age) = 0 ort < (datejn;(ve, sc,oc,age) — intrvl,),
0

Else,

vflowdeliver (t: UdC) X pw_predict(tl oc, age) - Zoc,age pw_predict(t' oc, age)
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The summation of py, predict includes only the age groups whose initiation dates
with the corresponding vaccine distribution categories date;n;:(vc, sc, oc, age)
minus intrvl,s, is equal to or smaller than the time step t.

For vc = 2, operations on Takeda/Moderna vaccines, considering vc, sc, oc, age, and vdc
correspondences,

Allocated Available Vaccine Inflow (t, vc, sc, oc, age)
((Allocated Vaccine Inflow (t, oc, age, vdc) X ceiling (vdc))
= max

—rsvflow2(t, vc, sc,oc,age))

0
To avoid negative values, the max function is introduced with zero.

Allocated Vaccine Inflow (t, oc, age, vdc) is calculated by the same algorithm of vc = 1.

5.10.4. Vaccine Stock Allocation

Allocated available vaccine stocks in the reservation algorithms are derived from the following
operations.

For vc = 1, operations on Pfizer/BioNTech vaccines, considering vc, sc, oc, age, and vdc
correspondences,

Allocated Available Vaccine Stock (t, vc, sc, oc, age)
= Allocated Vaccine Stock (t, oc, age, vdc) + freqgeliver (Vdc) + numggse (VC)

Allocated Vaccine Stock (t, vdc) =
If Dw predict(t, 0c,age) = 0 ort < (datejn;(ve, sc,oc,age) — intrvl,gy),
0
Else
Usite (t, VAC) X Py predict(t, 0C, age) + Yoc.age Pw predict(t, 0, age)

The summation of py, predict includes only the age groups whose initiation dates
with the corresponding vaccine distribution categories date;n;:(vc, sc, oc, age)
minus intrvl,s, is equal to or smaller than the time step t.

For vc = 2, operations on Takeda/Moderna vaccines, considering vc, sc, oc, age, and vdc
correspondences,

Allocated Available Vaccine Stock (t, vc, sc, oc, age)
(Allocated Vaccine Stock + freqgeliver — rsvflow2) + numdose)
0

Subscript variables t, vc, sc, oc, age, and vdc are abbreviated.

= max(
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Allocated Vaccine Stock (t, vdc) =
If Dw predict(t, 0c,age) = 0 ort < (datejn;(ve, sc,oc,age) — intrvl,gy),
0
Else,
[vsite(t, vdc) — Zoc,age( Prsv2(t — 1,vc, sc,0c,age) + pq,(t — 1, vc, sc,oc, age) +

pix (¢ — 1,vc,s¢,0¢,age)) |
X Pw predict(t, 0C, age) + Yoc,age Pw predict(t, 0C, age)

The summation of py, predict includes only the age groups whose initiation dates
with the corresponding vaccine distribution categories date;n;:(vc, sc, oc, age)
minus intrvl,s, is equal to or smaller than the time step t.

5.10.5. Human Resource Capacity

Allocated available human resource capacities in the reservation algorithms are derived from
the following operations.

Considering vc, sc, oc,age, and vdc correspondences,

Allocated Available Human Resource Capacity(t, vc, sc, oc, age)
= Allocated Human Resource Capacity capacityy, (t, vc, sc, oc,age) + numgqse (VC)

capacityy, (t,vc,sc,oc,age) =
For vdc = 1, vaccinations for healthcare workers with Pfizer/BioNTech vaccines,
10,000,000

Assumption of no human resource constraint.

For vdc = 2, vaccinations for elderly and other citizens with Pfizer/BioNTech vaccines,
If Dw predict(t, 0c,age) = 0 ort < (datejn;(ve, sc,oc,age) — intrvl,),
0

Else,

_ (Screener Constraint (¢, vc, sc, oc, age))
m .
Shooter Constraint (¢, vc, sc, oc, age)
X Allocation Ratio between vdc = 2 and 3 (t)
X Weekly Proportion of Working Days
X Productivity of Shooters prd

X pw_predict(t' oc¢, age) = Zoc,age pW_predict(t; ocC, age)
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The summation of py, predict includes only the age groups whose initiation
dates with the corresponding vaccine distribution categories

date;,i.(ve, sc, oc, age) minus intrvl., is equal to or smaller than the time
step t.

where

Screener Constraint (t, vc, sc, oc, age)
= Fully Immunized Doctors ¥, s qge Pi2(t — 1,v¢,5¢,1,age)
X Participation Rate pryoctor
X Maximum Achievable Ratio of Nurses to Doctors
maxratioyperpop (VC, SC)

Shooter Constraint (¢, vc, sc, oc, age)
= Fully Immunized Nurses Y., scage Pi2(t — 1,vc, sc, 3, age)
X Participation Rate pm,yurse

Allocation Ratio between vdc = 2 and 3 (t)
— maX( vflowgetiver (¢, 2) )
Zsc,oc,age Vrsv2 (t - 1' 1) - (intrVIrsv + intrvldldz (1))

max ( vflowdeliver(ti 2) )
Zsc,oc,age Vrsv2 (t - 1: 1) - (intrVIrsv + intrvldldz(l))
( vflowdeliver(t: 3) )
+ max

Zsc,oc,age VUrsv2 (t -1, 2) - l"I’ltT'UlrSV

First and second max functions treats values on vdc = 2 with vc = 1 and
third max function on vdc = 3 with vc = 2. Subscript variables sc, oc,
and age are abbreviated.

Weekly Proportion of Working Days = dayyork =~ 7

For vdc = 3, vaccinations at large sites with Takeda/Moderna vaccines,

If Dw predict(t, 0c,age) = 0 ort < (datejn;(ve, sc,oc,age) — intrvl,gy),
0

Else,

. (Screener Constraint (t, vc, sc, oc,age)
m ( Shooter Constraint (¢, vc, sc, oc, age) )
X (1 — Allocation Ratio between vdc = 2 and 3 (t))
X Weekly Proportion of Working Days
X Productivity of Shooters prd

X pw_predict(t' oc, age) - Zoc,age pw_predict(t' oc, age)
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where the algorithms and variables for Screener Constraint, Shooter
Constraint, Weekly Proportion of Working Days, Productivity of Shooters,
and allocation coefficient with willing populations are the same to

vdc = 2.

For vdc = 4, vaccinations in workplaces with Takeda/Moderna vaccines,

If Dw predict(t, 0c,age) = 0 ort < (datejn;(ve, sc,oc,age) — intrvl,gy),
0

Else,

. (Screener Constraint (t, vc, sc, oc,age)
m ( Shooter Constraint (¢, vc, sc, oc, age) )
X Weekly Proportion of Working Days
X Productivity of Shooters prd

X pw_predict(t' oc, age) - Zoc,age pw_predict(t' oc, age)

where the algorithms and variables for Weekly Proportion of Working
Days, Productivity of Shooters, and allocation coefficient with willing
populations are same to vdc = 2 and 3.

Screener Constraint (t, vc, sc, oc, age)
= Fully Immunized OPs Y., sc age Pi2(t — 1, V¢, 5¢, 2, age)
X Participation Rate pry,,
X Maximum Achievable Ratio of Nurses to OPs
maxratioyperpop (VC, SC)

where “OP” stands for operational physicians.

Shooter Constraint (¢, vc, sc, oc, age)

= Fully Immunized Nurses Y., scage Pi2(t — 1,vc, sc, 3, age)
X Participation Rate pr,yurse
— Xscocage(Tsvflowl(t —1,1) + rsvflow2(t — 1,1)) X 1 + prd
— Xscocage(Tsvflowl(t —1,2) + rsvflow2(t — 1,2)) X 1 + prd

First and second summations explain the populations of nurses already
recruited on vaccination sites of vdc = 2 and 3.
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5.11. Evaluation Metrics

This research evaluates the model fit over the actual cumulative and daily vaccination trends
with the population coverage achievement periods and the number of vaccinations.

Regarding the achievement periods, the simulation errors and percentage errors are
calculated by sampling values in 1% increments of vaccination coverages with total, first, and
second doses administered. The percentage error of a coverage achievement period is equal to
an error divided by the corresponding actual period.

A primary evaluation metric for the number of daily vaccinations is the R-Squared. The root
mean squared errors, mean absolute errors, and mean absolute percentage errors are also
calculated. The mean absolute percentage error for vaccination numbers is defined as the mean
absolute error divided by the maximum actual daily vaccinations in the reference time.
Predicted curves are compared with actual smoothed and not-smoothed daily curves by dose
round by vaccine.

5.12. Chapter Summary

The system dynamics approach was selected for modeling and analyzing the operational
mechanisms of vaccinations in the primary series in Japan. Population and vaccines were two
pillars of stocks and flows in the model. A demand-supply balancing mechanism was introduced
to simulate the number of reservations with the populations of willing people on the demand
side, vaccine constraints and human resource constraints on the supply side.

Vaccine constraints were based on daily vaccine deliveries and vaccine stocks on sites. The
different levels of the distribution ceiling effect were assumed with Pfizer/BioNTech and
Takeda/Moderna vaccines each.

The human resource supplies were assumed to depend on the populations and participation
rates of fully immunized doctors/occupational physicians as screeners and nurses as shooters
for vaccinations on sites. The concept of the shooter-screener ratio was introduced as the proxy
of operational excellence on vaccination sites. The product of fully immunized populations and
the ratio determines the human resource bottleneck on vaccination capacity between
doctors/occupational physicians and nurses.

Fittings to cumulative and daily vaccination trends will be evaluated by the gaps of the
coverage achievement periods and the number of vaccinations each in the next chapter.
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6. Model Behaviors on Vaccination Trends

This chapter observes the behaviors of the developed model with reference inputs to validate
the key assumptions of operational mechanisms on vaccination speed: the system dynamics
with willing populations as the demand factor, vaccine deliveries with the ceiling effect and
vaccine stocks at sites as vaccine constraints, and fully immunized healthcare workers as human
resource constraints. Chapter 6.1 exhibits the model behavior and simulation errors with
cumulative vaccination trends. Chapter 6.2 compares the simulated and actual daily vaccination
curves with the list of simulated determinants on first-dose reservations and administrations.
Chapter 6.3 discusses the validity of the model assumptions. Chapter 6.4 lists model limitations
and room for further research.

6.1. Cumulative Vaccinations

The simulation fitting to cumulative vaccination trends is evaluated with the errors of
vaccination coverage achievement periods by vaccine by dose round.

6.1.1. All Vaccine Administrations

Figure 6-1 exhibits the simulated and actual trends of total, first-dose, and second-dose
cumulative vaccinations from February 14 to November 30, 2021. Figure 6-1 (a) indicates the
simulated curves of total doses, first doses, and second doses reach coverages of 155.00%,
78.03%, and 76.97% at the end of the reference time range, respectively. The simulation gaps of
the maximum achieved coverages are -3.46%, -1.98%, and -1.48%, respectively. The difference
of -3.46% in total doses is equal to 4.36 million doses, which is close to the missing amount of
4.39 million doses with the Takeda/Moderna vaccine distribution data discussed in Chapter 3.8.

Figure 6-1 (b) exhibits that the errors of coverage achievement periods diverge to the
positive side around the maximum achieved coverages in accordance with the saturation of
simulated curves below the actual. Table 6-1 shows that the errors of the simulated
achievement period range from -4 to 18 days, -4 to 38 days, and -5 to 11 days with total, first,
and second doses, respectively. The ranges of the percentage achievement period errors are -
7.69% to 6.87%, -4.21% to 15.14%, and -4.17% to 4.12% with total, first, and second doses,
respectively. The errors of the simulated achievement period of 10%, 40%, and 70% vaccination
coverages with second doses are -2 days, 2 days, 10 days, respectively: corresponding
percentage errors are -1.72%, 1.18%, and 4.24% each.

Figure 6-1 (c) shows the simulated curves ramp up with delays, overshoot in the first three
months, and get close to the actual trends after June. Initiating the first doses lags by 5 days
from the actual date, February 17, 2021.
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6.1.2. Pfizer/BioNTech Vaccine Administrations

Figure 6-2 exhibits the simulated and actual trends of total, first-dose, and second-dose
cumulative vaccinations with Pfizer/BioNTech vaccines from February 14 to November 30, 2021.
Figure 6-2 (a) indicates the simulated curves of total doses, first doses, and second doses with
Pfizer/BioNTech vaccines reaching coverages of 132.98%, 66.98%, and 66.00% at the end of the
reference time range, respectively. The simulation gaps of the maximum achieved coverages are
+0.21%, -0.09%, and +0.30%, respectively. The simulated curve of total doses does not hit the
level of distributed vaccines represented by a blue area in Figure 6-2 (a).

Figure 6-2 (b) exhibits that the errors of coverage achievement periods with Pfizer/BioNTech
vaccines diverge to the negative side around the maximum achieved coverages due to due to
overshooting simulated curves. The figure and Table 6-1 show that the errors of the simulated
achievement period range from -4 to 8 days, -4 to 11 days, and -11 to 7 days with total, first, and
second doses each, respectively. The ranges of the percentage achievement period errors are
-7.69% to 3.69%, -4.21% to 5.07%, and -4.17% to 3.00% with total, first, and second doses,
respectively.

Figure 6-2 (c) shows the cumulative vaccination percentage errors with Pfizer/BioNTech
vaccine operations like the trends with all vaccines in Figure 6-1 (c).

6.1.3. Takeda/Moderna Vaccine Administrations

Figure 6-3 exhibits the simulated and actual trends of total, first-dose, and second-dose
cumulative vaccinations with Takeda/Moderna vaccines from February 14 to November 30,
2021. Figure 6-3 (a) indicates the simulated curves of total doses, first doses, and second doses
with Takeda/Moderna vaccines reaching coverages of 22.01%, 11.05%, and 10.97% at the end
of the reference time range, respectively. The simulation gaps of the maximum achieved
coverages are -3.66%, -1.88%, and -1.78%, respectively.

Figure 6-3 (b) exhibits that the errors of coverage achievement periods with
Takeda/Moderna vaccines diverge to the positive side around the maximum achieved coverages
in the simulation. The figure and Table 6-1 show that the errors of the simulated achievement
period range from -5 to 59 days, -6 to 49 days, and -8 to 8 days with total, first, and second
doses, respectively. The ranges of the percentage achievement period errors are -8.33% to
44.36%, -9.23% to 42.98 %, and -8.42% to 6.96% with total, first, and second doses, respectively.
The error and percentage error of the second-dose trend are 0 days and 0% at 10% coverage,
below the saturation coverage with the data limitation on distributions.

Figure 6-3 (c) shows the simulated curve of total doses ramps up with delays, overshoots
around the beginning of July, approaches from July to the beginning of September, and deviates
from the actual trends after September. The figure reveals that the initiation date of the
Takeda/Moderna vaccine administration lags by 7 days from the actual date, May 24, 2021.
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Simulated and Actual Cumulative Vaccinations with All Vaccines
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Figure 6-1 Simulated and Actual Cumulative Vaccinations with All Vaccines
(a) Simulated and actual cumulative vaccinations in Japan for the primary series with Pfizer/BioNTech and Takeda/Moderna vaccines. (b) Errors of coverage

achievement period. (c) Percentage errors of cumulative vaccinations. “PB,” “TM,” and “Sim.” stand for “Pfizer/BioNTech,” “Takeda/Moderna,” and “Simulated,”
respectively.
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Simulated and Actual Cumulative Vaccinations with Pfizer/BioNTech Vaccines

(a) Simulated and Actual Cumulative Vaccinations (b) Error of Coverage Achievement Period
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Figure 6-2 Simulated and Actual Cumulative Vaccinations with Pfizer/BioNTech Vaccines

(a) Simulated and actual cumulative vaccinations in Japan for the primary series with Pfizer/BioNTech vaccines. (b) Errors of coverage achievement periods. (c)
Percentage errors of cumulative vaccinations. “Sim.” stands for “Simulated”.
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Simulated and Actual Cumulative Vaccinations with Takeda/Moderna Vaccines

(a) Simulated and Actual Cumulative Vaccinations (b) Error of Coverage Achievement Period
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Figure 6-3 Simulated and Actual Cumulative Vaccinations with Takeda/Moderna Vaccines

(a) Simulated and actual cumulative vaccinations in Japan for the primary series with Takeda/Moderna vaccines. (b) Errors of coverage achievement periods. (c)
Percentage errors of cumulative vaccination. “Sim.” stands for “Simulated”.
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Table 6-1 Simulation Errors of Coverage Achievement Periods
Simulation errors of coverage achievement periods to actual values. The percentage error is an error divided by the
actual achievement period of the corresponding vaccination coverage. For the dose round “Total,” the simulation
errors in the columns of 20%/10%, 80%/40%, and 140%/70% coverage periods correspond to the achievement
periods of 20%, 80%, and 140% coverages. For the other dose rounds of “First” and “Second,” the simulation errors
in these columns correspond to the achievement periods of 10%, 40%, and 70% coverages with each vaccine. The
start dates of the achievement periods are the authorization date of the Pfizer/BioNTech vaccine on February 14,

2021, for All and Pfizer/BioNTech vaccine trends, while the authorization dates on May 21, 2021, for

Takeda/Moderna vaccine trend.

Range 20%/10% 80%/40% 140%/70%
Error Dose Vaccine (Corresponding Coverage Coverage Coverage
Metrics Round Vaccination Coverage Period with Period with Period with
with Each Vaccine) Each Vaccine Each Vaccine Each Vaccine
Error (day)  Total All -4 to 18 days -2 days 2 days 10 days
(at 1% and 154% coverages)
Pfizer/BioNTech -4to 8days -2 days 4 days -
(at 1% and 105% coverages)
Takeda/Moderna -5 to 59 days 12 days - -
at 6% an 6 coverages
(at 6% and 22% ges)
First All -4 to 38 days -1 day 3 days 12 days
at 5% an 6 coverages
(at 5% and 78% ges)
Pfizer/BioNTech -4 to 11 days -1 day 5 days -
at 5% an 6 coverages
(at 5% and 57% ges)
Takeda/Moderna -6 to 49 days 1 day - -
at 6% an 6 coverages
(at 6% and 11% ges)
Second All -5to 11 days -2 days 0 day 8 days
at 6% an 6 coverages
(at 6% and 76% ges)
Pfizer/BioNTech -11to 7 days -2 days 4 days -
at 66% an 6 coverages
(at 66% and 54% ges)
Takeda/Moderna -8to 8 days 0 days - -
(at 6% and 8% coverages)
Percentage  Total All -7.69% to 6.87% -1.72% 1.18% 4.24%
Error (%) (at 1% and 154% coverages)
Pfizer/BioNTech -7.69% to 3.69% -1.72% 2.19% -
(at 1% and 105% coverages)
Takeda/Moderna -8.33% to 44.36% 10.00% - -
at 3%an 6 coverages
(at 3% and 22% ges)
First All -4.21% to 15.14% -0.93% 1.94% 5.41%
at 5% an 6 coverages
(at 5% and 78% ges)
Pfizer/BioNTech -4.21% to 5.07% -0.93% 2.92% -
at 5%an 6 coverages
(at 5% and 57% ges)
Takeda/Moderna -9.23% to 42.98% 0.93% - -
at 6% an 6 coverages
(at 6% and 11% ges)
Second All -4.17% to 4.12% -1.55% 0% 3.23%
at 6% an 6 coverages
(at 6% and 76% ges)
Pfizer/BioNTech -4.17% to 3.00% -1.55% 2.06% -
(at 6% and 54% coverages)
Takeda/Moderna -8.42% to 6.96% 0.00% - -
(at 6% and 8% coverages)
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6.2. Daily Vaccinations

This subchapter evaluates the simulation fitting to the actual daily vaccination trends with the
R-squared values, which has the value range from 0 to 1. The larger the R-Squared is, the better
the simulation predicts observed data.

The simulated determinants of daily reservations and vaccinations are checked with the
decomposed vaccination trends with each vaccine.

6.2.1. All Vaccine Administrations

Table 6-2 introduces the R-Squared values are 0.943, 0.909, and 0.915 with the simulated and
actual smoothed daily trends of the total, first, and second doses with all the vaccines from
February 14 to November 30, 2021, respectively. The R-squared values with the actual not-
smoothed curves of the total, first, and second doses are 0.882, 0.867, and 0.842, respectively.

Figure 6-4(a) exhibits that the simulated daily vaccination speed of total doses is faster than
the actual pace by early June, equivalent on average from mid-June to the beginning of July,
slower from July to early October except for the national holidays and the summer holiday
season, and faster from mid-October to mid-November.

Figures 6-4 (b) displays the simulated and actual first-dose vaccination trends. The simulated
daily vaccinations are almost equivalent to the actual from the initiation to late April, larger
from early to mid-May, about equivalent from late June to early July, smaller from mid-July to
early August, equivalent from mid-August to the beginning of September, smaller in early to
mid-September, larger from late September to late October, and equivalent in November.

Figure 6-4 (c) shows the simulated and actual second-dose vaccination trends. The shape of
the simulated second-dose vaccinations is similar to the first-dose curve, with a 3-week lag from
the initiation to the beginning of July and a 4-week lag after August.

Figure 6-5 shows that the simulated trends with all the vaccines do not generate weekly
oscillations and negative pulses on national holidays in the actual not-smoothed daily
vaccinations.
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Table 6-2 Fitting Metrics of Daily Vaccinations

Fitting metrics of daily vaccination trends. The time range for “All” and “Pfizer/BioNTech” vaccine categories are
from February 14 to November 30, 2021. For “Takeda/Moderna” and “Takeda/Moderna by September 12” vaccine
categories, the ranges are from May 21 to November 30 and September 12, 2021. The mean absolute error is an
absolute error divided by the maximum value of the actual smoothed/not-smoothed daily vaccinations.

Dose Root Mean Mean Absolute
Vaccination Round Vaccine R-Squared Squared Error Error Mean Absolute
Curve Category q (Dose per One (Dose per One Percentage Error
Hundred People) Hundred People)
Smoothed Daily  Total All 0.943 0.105 0.075 5.55%
Pfizer/BioNTech 0.931 0.094 0.068 6.14%
Takeda/Moderna 0.627 0.058 0.038 12.76%
Takeda/Moderna 0.661 0.059 0.038 12.84%
by September 12
First All 0.909 0.071 0.047 5.84%
Pfizer/BioNTech 0.897 0.061 0.043 7.11%
Takeda/Moderna 0.367 0.049 0.033 15.54%
Takeda/Moderna 0.113 0.057 0.044 20.53%
by September 12
Second All 0.915 0.066 0.044 5.78%
Pfizer/BioNTech 0.898 0.060 0.042 6.80%
Takeda/Moderna 0.282 0.050 0.035 16.94%
Takeda/Moderna 0.476 0.050 0.033 15.96%
by September 12
Daily Total All 0.882 0.156 0.109 7.78%
Pfizer/BioNTech 0.858 0.140 0.098 8.54%
Takeda/Moderna 0.698 0.054 0.038 11.14%
Takeda/Moderna 0.694 0.057 0.040 11.74%
by September 12
First All 0.867 0.089 0.066 7.78%
Pfizer/BioNTech 0.833 0.081 0.060 9.59%
Takeda/Moderna 0.554 0.042 0.028 11.30%
Takeda/Moderna 0.327 0.051 0.037 15.13%
by September 12
Second All 0.842 0.095 0.065 7.93%
Pfizer/BioNTech 0.814 0.086 0.060 9.44%
Takeda/Moderna 0.474 0.045 0.030 12.10%
Takeda/Moderna 0.615 0.044 0.029 11.41%

by September 12
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Simulated and Actual Smoothed Daily Vaccinations with All Vaccines
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Figure 6-4 Simulated and Actual Smoothed Daily Vaccinations with All Vaccines

Simulated daily vaccination trends and actual 7-day smoothed daily vaccination trends in Japan for the primary
series with Pfizer/BioNTech and Takeda/Moderna vaccines. Colored areas indicate the daily vaccine deliveries to
vaccination sites.

95



Simulated and Actual Daily Vaccinations with All Vaccines
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Figure 6-5 Simulated and Actual Daily Vaccinations with All Vaccines
Simulated and actual daily vaccinations in Japan for the primary series with Pfizer/BioNTech and Takeda/Moderna
vaccines. Colored areas indicate the daily vaccine deliveries to vaccination sites.
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6.2.2. Pfizer/BioNTech Vaccine Administrations

Table 6-2 introduces the R-squared values are 0.931, 0.897, and 0.898 with the simulated and
actual smoothed daily trends of the total, first, and second doses with Pfizer/BioNTech vaccines,
respectively. The R-squared values with the actual not-smoothed curves of the total, first, and
second doses are 0.858, 0.833, and 0.814, respectively.

Figure 6-6(a) exhibits that the simulated daily vaccination speed of total doses is faster than
the actual pace by early June, slower from mid-June to early October except for the national
holidays and the summer holiday season, and faster from mid-October to mid-November.

Figure 6-6 (b) exhibits that the level of the simulated first-dose trend from late April to mid-
May and in June approximately follows the halved daily vaccine distribution one week before.
The simulated first-dose level in mid and late-May is smaller than the daily vaccine distribution
with the ceiling coefficient. In mid-May, there is a local peak with the simulated first-dose trend,
which is the summation of the first doses for healthcare workers and elderly citizens. The peak
disappears with the decreasing vaccination trend with the Pfizer/BioNTech vaccines on
healthcare workers.

Table 6-3 lists the simulated determinants of first-dose reservations and corresponding
vaccine administrations each time step by vaccine distribution category with typical age groups.
The model exhibits that the determinant of the first-dose administrations with Pfizer/BioNTech
vaccines for healthcare workers at 40—-44 years old (PB-HW 40-44 years old) is the vaccine
deliveries and stocks at sites from the initiation of vaccinations to mid-May. The reservations
and corresponding vaccinations for healthcare workers face the limited willing populations on
May 13 and 20 each. The determinant of administrations for elderly citizens with
Pfizer/BioNTech vaccines (PB-OC 65-69 years old) is the vaccine deliveries and stocks at sites
from the initiation of vaccinations to mid-May and the number of cooperative nurses from mid-
May to late May. From June to early August, the vaccine deliveries are the determinants of the
simulated daily vaccinations for the elderly and other citizens with Pfizer/BioNTech vaccines.
From the beginning of August to mid-September, the stocks of Pfizer/BioNTech vaccines are the
simulated determinant of first-dose administrations. The simulated first-dose administrations
for the elderly at age 65—69 years old and other citizens at 12—15 years old with Pfizer/BioNTech
vaccines face the constraints of vaccine deliveries from late September to early October, and the
depleted willing people from early October. The simulated vaccinations for other citizens at 40—
44 years old face the vaccine delivery constraint from late September to early October, the
vaccine stock constraint from mid to late October, and the willing population constraint after
mid to late October.

Figure 6-6 (c) shows the shape of the simulated second-dose vaccinations with
Pfizer/BioNTech vaccines is like the first-dose curve, with a 3-week lag.

Figure 6-7 shows that the simulated trends with Pfizer/BioNTech vaccines do not generate
weekly oscillations and negative pulses on national holidays in the actual not-smoothed daily
vaccinations.
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Simulated and Actual Smoothed Daily Vaccinations with Pfizer/BioNTech Vaccines
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Figure 6-6 Simulated and Actual Smoothed Daily Vaccinations with Pfizer/BioNTech Vaccines

Simulated daily vaccination trends and actual 7-day smoothed daily vaccination trends in Japan for the primary
series with Pfizer/BioNTech vaccines. Colored areas indicate the daily deliveries of Pfizer/BioNTech vaccines to
vaccination sites.
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Simulated and Actual Daily Vaccinations with Pfizer/BioNTech Vaccines
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Figure 6-7 Simulated and Actual Daily Vaccinations with Pfizer/BioNTech Vaccines

Simulated and actual daily vaccinations in Japan for the primary series with Pfizer/BioNTech vaccines. Colored areas
indicate the daily deliveries of Pfizer/BioNTech vaccines to vaccination sites.
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Table 6-3 Simulated Determinants of First-Dose Reservations

The determinants of first-dose reservations rsvflow1 in the simulation each time step by vaccine distribution category with the examples of age groups. The
Corresponding Date column lists the dates 7 days after the values of the First-Dose Reservation Date, which indicates the time steps with the values in
rsvflowl. “Vflow,” “Vstock,” “Nurse,” and “People” stand for the vaccine inflows, vaccine stocks, human resource capacity based on the cooperative nurses,
and the willing people, respectively, as the determinant of the first-dose reservation in the algorithm. “PB-HW” and “PB-OC” represent the administrations for
healthcare workers and other citizens with Pfizer/BioNTech vaccines, respectively. “TM-LC” and “TM-WP” represent the administrations at large sites and
workplaces with Takeda/Moderna vaccines, respectively. “y.0.” stands for “years old.”

First-Dose Corresponding Vaccine Distribution Category
Reservation  Date of PB-HW PB-OC PB-OC PB-OC TM-LC TM-LC TM-LC TM-WP TM-WP TM-WP
Date First Doses 40-44y.0. 65-69y.0. 40-44y.0. 12-15y.0. 65-69y.0. 40-44y.0. 12-15y.0. 65-69y.0. 40-44y.0c. 12-15y.0.

2021/02/07  2021/02/14 - - - - - - - - - -
2021/02/08  2021/02/15 - - - - - - - - - -
2021/02/09  2021/02/16 - - - - - - - - - -
2021/02/10  2021/02/17 - - - - - - - - - -
2021/02/11  2021/02/18 - - - - - - - - - -
2021/02/12  2021/02/19 - - - - - - - - - -
2021/02/13  2021/02/20 - - - - - - - - - -
2021/02/14  2021/02/21 - - - - - - - - - -

2021/02/15  2021/02/22 Vflow - - - - - - - - -
2021/02/16  2021/02/23 Vflow - - - - - - - - -
2021/02/17  2021/02/24 Vflow - - - - - - - - -
2021/02/18  2021/02/25 Vflow - - - - - - - - -
2021/02/19  2021/02/26 Vflow - - - - - - - - -
2021/02/20  2021/02/27 Vflow - - - - - - - - -
2021/02/21  2021/02/28 Vflow - - - - - - - - -
2021/02/22  2021/03/01 Vflow - - - - - - - - -
2021/02/23  2021/03/02 Vflow - - - - - - - - -
2021/02/24  2021/03/03 Vflow - - - - - - - - -
2021/02/25  2021/03/04 Vflow - - - - - - - - -
2021/02/26  2021/03/05 Vflow - - - - - - - - -
2021/02/27  2021/03/06 Vflow - - - - - - - - -
2021/02/28  2021/03/07 Vflow - - - - - - - - -
2021/03/01  2021/03/08 Vflow - - - - - - - - -
2021/03/02  2021/03/09 Vflow - - - - - - - - -
2021/03/03  2021/03/10 Vflow - - - - - - - - -
2021/03/04  2021/03/11 Vflow - - - - - - - - -
2021/03/05  2021/03/12 Vflow - - - - - - - - -
2021/03/06  2021/03/13 Vflow - - - - - - - - -
2021/03/07  2021/03/14 Vflow - - - - - - - - -
2021/03/08  2021/03/15 Vflow - - - - - - - - -
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2021/03/09
2021/03/10
2021/03/11
2021/03/12
2021/03/13
2021/03/14
2021/03/15
2021/03/16
2021/03/17
2021/03/18
2021/03/19
2021/03/20
2021/03/21
2021/03/22
2021/03/23
2021/03/24
2021/03/25
2021/03/26
2021/03/27
2021/03/28
2021/03/29
2021/03/30
2021/03/31
2021/04/01
2021/04/02
2021/04/03
2021/04/04
2021/04/05
2021/04/06
2021/04/07
2021/04/08
2021/04/09
2021/04/10
2021/04/11
2021/04/12
2021/04/13
2021/04/14
2021/04/15
2021/04/16
2021/04/17
2021/04/18
2021/04/19

2021/03/16
2021/03/17
2021/03/18
2021/03/19
2021/03/20
2021/03/21
2021/03/22
2021/03/23
2021/03/24
2021/03/25
2021/03/26
2021/03/27
2021/03/28
2021/03/29
2021/03/30
2021/03/31
2021/04/01
2021/04/02
2021/04/03
2021/04/04
2021/04/05
2021/04/06
2021/04/07
2021/04/08
2021/04/09
2021/04/10
2021/04/11
2021/04/12
2021/04/13
2021/04/14
2021/04/15
2021/04/16
2021/04/17
2021/04/18
2021/04/19
2021/04/20
2021/04/21
2021/04/22
2021/04/23
2021/04/24
2021/04/25
2021/04/26

Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
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Vstock
Vstock
Vstock
Vstock
Vstock
Vstock
Vstock
Vstock
Vstock
Vstock
Vstock
Vstock
Vstock
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
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2021/04/20
2021/04/21
2021/04/22
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2021/04/24
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2021/04/28
2021/04/29
2021/04/30
2021/05/01
2021/05/02
2021/05/03
2021/05/04
2021/05/05
2021/05/06
2021/05/07
2021/05/08
2021/05/09
2021/05/10
2021/05/11
2021/05/12
2021/05/13
2021/05/14
2021/05/15
2021/05/16
2021/05/17
2021/05/18
2021/05/19
2021/05/20
2021/05/21
2021/05/22
2021/05/23
2021/05/24
2021/05/25
2021/05/26
2021/05/27
2021/05/28
2021/05/29
2021/05/30
2021/05/31

2021/04/27
2021/04/28
2021/04/29
2021/04/30
2021/05/01
2021/05/02
2021/05/03
2021/05/04
2021/05/05
2021/05/06
2021/05/07
2021/05/08
2021/05/09
2021/05/10
2021/05/11
2021/05/12
2021/05/13
2021/05/14
2021/05/15
2021/05/16
2021/05/17
2021/05/18
2021/05/19
2021/05/20
2021/05/21
2021/05/22
2021/05/23
2021/05/24
2021/05/25
2021/05/26
2021/05/27
2021/05/28
2021/05/29
2021/05/30
2021/05/31
2021/06/01
2021/06/02
2021/06/03
2021/06/04
2021/06/05
2021/06/06
2021/06/07
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Vstock
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People
People
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Vflow
Vflow
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Nurse
Nurse
Nurse
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Vflow
Vflow
Vflow
Vflow
Vflow
Vflow
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2021/06/01
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6.2.3. Takeda/Moderna Vaccine Administrations

Regarding Takeda/Moderna vaccine administrations, Table 6-2 shows the R-squared values are
0.627, 0.367, and 0.282 with the simulated and actual smoothed daily trends of the total, first,
and second doses from May 21 to November 30, 2021, respectively. The R-squared values with
the actual not-smoothed curves of the total, first, and second doses are 0.698, 0.554, and 0.474,
respectively.

The table also introduces the metrics with the time range by September 12, 2021, the last
date with available vaccine distribution data for the Takeda/Moderna vaccines. The R-squared
with actual smoothed trends are 0.661, 0.113, and 0.476 on total, first, and second doses,
respectively. The R-squared with actual not-smoothed curves are 0.694, 0.327, and 0.615 on
total, first, and second doses, respectively.

Figure 6-8 (a) exhibits that the simulated daily vaccination speed is faster than the actual
values by early June, equivalent from mid to late July, and slower from early August, with steep
decelerations in early September and early October. The deceleration timing in early September
corresponds to the 7 days before the first date with no vaccine distribution data, while that in
early October is 28 days later than the early one.

Figure 6-8 (b) shows the peak level of simulated daily first-dose vaccinations around the
beginning of July is 84% of the vaccine distribution peak in late June, which is larger than the
peak level of the actual smoothed trend by 7% and smaller than that of the actual not-
smoothed curve by 5%.

Figure 6-8 (c) shows that the shape of the simulated second-dose vaccinations with
Takeda/Moderna vaccines fits the simulated first-dose curve with a 4-week lag.

The complementary error oscillation trends are observed with the simulated first-dose and
second-dose vaccinations in Figure 6-8 (b) and (c). The simulated first-dose speed is faster than
the actual from mid-June to early July, slower from mid-July to mid-August, faster from late
August to the beginning of September, and slower from early September. The simulated trend
of second doses is faster than the actual from mid-July to early August, slower from mid-August
to mid-September, and faster from mid-September to the beginning of October.

Table 6-3 lists the simulated determinants of first-dose reservations on Takeda/Moderna
vaccine administrations. The daily administrations of Takeda/Moderna vaccines in the
simulation are determined by vaccine delivery flows from the initiation dates to early and mid-
September and mainly vaccine stocks from early and mid-September to early October. The
simulated administrations at large sites and in workplaces with the age groups 65—69 years old
and 12-15 years old mainly face the depleted willing population. Based on the corresponding
reservations, the simulated determinant of vaccinations at large sites with Takeda/Moderna
vaccines for the age group 40—44 years old is the number of cooperative nurses in mid-October,
the vaccine stock in late October and the willing population from the end of October. The
simulated determinant in workplaces for the age group 40—44 years old is the vaccine stock
from mid to late October, and the willing population from the end of October.
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Figure 6-9 shows that the simulated trends with Takeda/Moderna vaccines do not predict
weekly oscillations and negative pulses on national holidays in the actual not-smoothed daily
vaccinations.

Simulated and Actual Smoothed Daily Vaccinations with Takeda/Moderna Vaccines
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Figure 6-8 Simulated and Actual Smoothed Daily Vaccinations with Takeda/Moderna Vaccines

Simulated daily vaccination trends and actual 7-day smoothed daily vaccination trends in Japan for the primary
series with Takeda/Moderna vaccines. Colored areas indicate the daily deliveries of Takeda/Moderna vaccines to
vaccination sites.
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Figure 6-9 Simulated and Actual Daily Vaccinations with Takeda/Moderna Vaccines

Simulated and actual daily vaccinations in Japan for the primary series with Takeda/Moderna vaccines. Colored
areas indicate the daily deliveries of Takeda/Moderna vaccines to vaccination sites.
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6.3. Discussions on Determinant Assumptions of Daily Vaccination Speed
6.3.1. Willing Population

The populations willing to take the first and second doses contribute to predicting the
saturations of cumulative vaccinated people. Figure 6-2 exhibits the saturation of cumulative
vaccination trends in November below the threshold of cumulative distributed Pfizer/BioNTech
vaccines. Table 6-3 supports that the population willing to take first doses is the simulated
determinant of daily first-dose vaccinations in November.

6.3.2. Vaccine Delivery and Ceiling Effect

The assumption of the vaccine delivery ceiling effect on first-dose reservations fits the peak
levels of daily vaccination trends with both the Pfizer/BioNTech and Takeda/Moderna vaccines.
Figure 6-6 (b) exhibits that the model predicts the peak level of first doses with Pfizer/BioNTech
vaccines in June below 50% of the maximum daily vaccine delivery speed in May. Table 6-3
endorses that the vaccine delivery constraint causes this trend in the period. Figure 6-8 (b)
displays that the model also simulates that the peak level of the first doses of Takeda/Moderna
vaccines is close to the actual in early July, around 84% of the maximum daily vaccine delivery
speed in late June. Table 6-3 supports that the determinants of Takeda/Moderna vaccine
administrations are vaccine delivery flows in the corresponding period.

6.3.3. Vaccine Stock at Vaccination Sites

The assumption of the vaccine stock constraint on first-dose reservations contributes to the
fitting in the period with the low vaccine delivery speed. Figure 6-6 (b) and Table 6-3 reveal that
not-reserved vaccine stocks at vaccination sites determine the well-fitting trend of first doses
with Pfizer/BioNTech vaccines from August to mid-September and mid to late October in the
simulation.

6.3.4. Human Resource Constraints

The assumption of human resource constraints with fully immunized cooperative healthcare
workers partially fits the vaccination trend. Figure 6-6 (b) and Table 6-3 endorse that the well-
fitting of daily first-dose administrations with Pfizer/BioNTech vaccines in late May can be
attributed to the human resource capacity constraint, potentially with nurses.

6.3.5. System Dynamics of Vaccination Speed

The changing determinants of reservations in the simulation range validate the assumption of
system dynamics on vaccination speed. Results and discussions on human resource constraints
in Figure 6-6 (b), Table 6-3, and Chapter 6.3.4 implies the existing reinforcing loop of the human
resource increase for daily reservations and vaccinations in the early phase of the vaccination
project. Table 6-3 and discussions in Chapters 6.3.1 and 6.3.2 suggests that the vaccine
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deliveries and stocks at vaccination sites can be determinants of daily vaccination speed in every
phase of the vaccination project. Table 6-3 shows that the model predicts the vaccine stock as
the determinant of daily vaccinations in the later phase of the project. The table also exhibits
that the willing population is the determinant at the end of the simulation range with all the
vaccine distribution categories.

6.4. Model Limitations and Future Research Topics
6.4.1. Determinant in Human Resource Constraint

The determinant in the human resource constraint can easily change with the maximum
achievable ratio of nurses to doctors. The reference input of this ratio for operations with
Pfizer/BioNTech vaccines by municipalities is based on the maximum ratio among five facility
types for vaccination sites in the reference [226]. If the average or smaller ratio is chosen from
the reference for the simulation input, the model could output doctors as the determinant from
mid to late May. The interpretation and utilization require careful attention to the variable
inputs regarding human resources.

6.4.2. Initiation date

Table 6-3 exhibits that the simulated initiation dates of vaccinations deviate from the input
actual dates by 5 days on Pfizer/BioNTech vaccine administrations for healthcare workers, 7
days on Takeda/Moderna vaccine administrations for the elderly at large sites, and 1 day on
Takeda/Moderna vaccine administrations in workplaces. These gaps can be attributed to the
model algorithm, which determines the earliest administration date by the earliest vaccine
delivery dates. The algorithm needs to be refactored to improve the explainability of the
initiation timings.

6.4.3. Local Peak in Mid-May with Pfizer/BioNTech First-Dose Vaccinations

Positive simulation errors exist with the step-function-like daily first-dose vaccination trend from
early to mid-May. The model outputs that the administration determinants in this period are
vaccine deliveries and stocks for both the operations for healthcare workers and elderly citizens.

One possible cause of this error trend is the no-limit assumption of human resource capacity
on vaccinations for healthcare workers. The error decreases as the vaccinations for healthcare
workers decline from mid to late May. The model might overestimate the total human resource
capacity while the administrations for healthcare workers and the elderly exist in parallel.

Another possible explanation for the errors is the reporting delay of actual daily vaccination
trends. Previous research suggests the potential reporting delay with the government
vaccination record system [4]. If the reporting delay exists, the true first-dose curve with
Pfizer/BioNTech vaccines might shift to the left.
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6.4.4. Vaccination Ramp-Up with Takeda/Moderna Vaccines

The R-Squared values with the Takeda/Moderna vaccines are smaller than the Pfizer/BioNTech
ones. With the faster ramp-up of the first-dose trend after June 21, 2021, the model output the
complementary error oscillations of first-dose and second-dose curves with Takeda/Moderna
vaccines, which degrade the R-Squared.

One of the possible causes is the excess level of the ceiling effect. The larger ceiling
coefficient can cause a faster vaccination ramp-up with vaccine distributions in the simulation.
The input value adopts the observed ceiling coefficient from the not-smoothed trend, oscillating
with a 7-day interval. There also might be a gap in the ceiling coefficients between the two
administrations of Takeda/Moderna vaccines at large sites and workplaces. The model fits the
actual first-dose trend well in early and mid-June, but the deviation increases after June 21,
2021, the initiation date for many vaccination sites at workplaces [234].

However, calibrating the ceiling coefficient cannot explain the X-axis gap between the peak
positions of simulated and actual first-dose vaccination trends. The actual trend shows the peak
on July 8 to 9 with a two-week lag from the distribution peak from late June to early July. The
lag with the simulated first-dose trend is 7 days based on the algorithm. The calibration or
probabilistic distribution of human resource factors or other mechanisms might be required to
consider a lag distribution between vaccine deliveries and vaccinations. This calibration might
be applicable for the simulation of the Pfizer/BioNTech administrations.

6.4.5. Weekday and Holiday Effects

The model cannot explain the weekly oscillations and declines with national holidays and
vacation seasons in the actual not-smoothed vaccination trends. The impacts of national
holidays and vacation seasons are also observed in the actual smoothed vaccination trend. The
model enhancement with the weekday effect and the holiday effect will improve the fitting to
both the not-smoothed and smoothed vaccination trends.

6.4.6. Data Limitation on Takeda/Moderna Vaccine Distributions

The lack of distribution data with Takeda/Moderna vaccines after mid-September can degrade

the fittings of simulated trends with lower ceilings of cumulative trends than the actual data. If
the complete vaccine distribution dataset is available, the errors with the Takeda/Moderna and
all the vaccine administrations might decrease.

113



6.5. Chapter Summary

The model predicted the actual cumulative vaccination trends with Pfizer/BioNTech and
Takeda/Moderna vaccines with the 70% coverage achievement period errors (percentage
errors) of 10 days (4.24%), 12 days (5.41%), and 8 days (3.23%) for the total doses, first doses,
and second doses, respectively. The R-squared values were 0.943, 0.909, and 0.915 with the
simulated and actual smoothed daily trends of the total, first, and second doses with all the
vaccines from February 14 to November 30, 2021, respectively. The simulation results endorsed
the validity of system dynamics assumptions on vaccination speed with the willing population as
a demand constraint, vaccine deliveries with the ceiling effect and vaccine stocks at vaccination
sites as supply constraints with vaccines, and cooperative fully immunized healthcare workers as
another supply constraint with human resources. Further research will be expected to consider
the updated mechanisms on initiation dates, human resource constraints on vaccinations for
healthcare workers, calibration or probabilistic distribution of parameters, and weekday and
holiday effects.
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7. Exploring Operational Options

This chapter explores the operational options for primary-series vaccinations in Japan using the
developed simulation model from resource-saving and acceleration viewpoints. In Chapter 7.1,
the simulation searches for the potential to reduce excess planned recruitment of human
resources. The room for acceleration with the earlier completion of vaccinations for healthcare
workers is simulated in Chapter 7.2.

7.1. Reducing Excess Planned Recruitment of Human Resources
7.1.1. Objective

This subchapter explores the room for saving doctors’ participation in the vaccination project
for the primary series in Japan. The simulation results with the reference inputs in Chapter 6
revealed that the determinants of vaccination trends are available vaccines, cooperative nurses
on the supply side, and willing people on the demand side. There might be an excess number of
doctor recruitments planned by municipalities in June 2021 [226], which can be reduceable
without the delay of vaccination coverage achievement. Efficient recruitment and operations
with healthcare workers are significant for society to materialize their maximum professional
capacities for emergency responses and routine work during pandemics.

7.1.2. Approach

This subchapter runs the developed vaccination model with multiple inputs of the doctors'
participation rate pryoctor and the maximum achievable ratio of nurses to doctors
maxratioyperpop With Pfizer/BioNTech vaccines operated by local governments. The lowest
doctors’ participation rate determines the potential excess number of doctors with no delay on
the 70% full vaccination coverage achievement in each case of maximum achievable nurse—
doctor ratio. One note is that the variables of doctors in the following discussions exclude
occupational physicians as the variable definitions in Chapter 5.

7.1.3. Pre-Estimation with Human Resource Balancing Equation

The potential saving number of doctors can be predicted by the following equation before the
simulation, given the population ratio of nurses to doctors except for occupational physicians,
the planned doctors’ and nurses’ participation rate pri,ctor aNd Phurse, and the maximum
achievable ratio of nurses to doctors maxratioy,erpop in the operations by local governments
are known.

Potential Saving Number of Doctors =
Doctors’ Population X prj,.tor — Nurses’ Population X prijyrse = maxrationperpop
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The second term on the right hand of the equation implies the minimum number of doctors
required to materialize the maximum nurses’ capacity. Dividing this value by the doctors’
population provides the corresponding lowest acceptable doctors’ participation rate before the
simulation. The reference inputs and the equations predict that the potential saving number of
doctors is 5,550. The lowers acceptable doctors’ participation rate is expected to be 19.32%,
which is smaller by 1.80% than the reference participation rate of 21.12%

7.1.4. Results of Model Simulation

Table 7-1 exhibits the simulated achievement gaps of the 70% full vaccination coverage
between the base case and other cases with modulated pryocror and maxratioyperpop- The
yellow cells indicate the variable combination with no simulated gap of the achievement date.
The lowest acceptable doctors’ participation rate decreases as maxratioyperpop increases.

With the reference input of 2.02 on maxratioyperpop, the lowest acceptable doctors’
participation rate is expected to be 17%, which is smaller by 4.12% than the base case input.
The corresponding potential saving number of doctors is 12,680. These simulated values are
larger than the estimation with the human resource equations without the simulation.

Figure 7-1 exhibits the cumulative and daily second-dose vaccination trends with the
multiple inputs with pryecor and the reference input of 2.02 with maxratioyperpop- The figure
shows that the simulated trends surge and converge to the reference case as pryoctor iNCreases.
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Table 7-1 Gap in Simulated Achievement Dates by Doctors’ Participation Rate and Nurse-Doctor Ratio
The gaps with simulated achievement dates of the 70% full vaccination coverage between the reference simulation
and other cases with multiple combinations of the doctors’ participation rate prygctor and the maximum achievable
ratio of nurses to doctors maxratioyperpop for operations by local governments with Pfizer/BioNTech vaccines. The
yellow cells show the gaps of 0 days from the reference simulation. “Ref.” stands for the base case in the

simulation. The values on the Potential Saving Number of Doctors column show the product of the doctors’
population by the doctors’ participation rate gap between the simulation and reference inputs. The
maxratioyperpop Of 5.33 corresponds to the input value for operations with Takeda/Moderna vaccines.

Doctors’ Potential Saving Number Maximum Achievable Ratio of Nurses to Doctors maxratioyperpop
Participation Saving Gap between
Rate Number of Simulation and 0 1 2 Ref. 2.02 3 4 5 5.33
PT doctor Doctors Equation
Ref. 21.12% - (5,550) - 1 0 Ref. 0 0 0 0
21% 370 (5,180) = 1 0 0 0 0 0 0
20% 3,450 (2,200) - 1 0 0 0 0 0 0
19% 6,530 980 = 1 0 0 0 0 0 0
18% 9,610 4,060 - 3 0 0 0 0 0 0
17% 12,680 7,130 = 9 0 0 0 0 0 0
16% 15,760 10,210 - 17 1 1 0 0 0 0
15% 18,840 13,290 = 26 1 1 0 0 0 0
14% 21,920 16,370 - - 1 1 0 0 0 0
13% 25,000 19,450 = = 1 1 0 0 0 0
12% 28,080 22,530 - - 1 1 0 0 0 0
11% 31,160 25,610 = = 1 1 1 0 0 0
10% 34,230 28,680 - - 1 1 1 0 0 0
9% 37,310 31,760 = = 3 2 1 0 0 0
8% 40,390 34,840 - - 17 15 1 1 0 0
7% 43,470 37,920 = = = 34 1 1 0 0
6% 46,550 41,000 - - - - 3 1 1 1
5% 49,630 44,080 = = = = 26 1 1 1
4% 52,710 47,160 - - - - - 17 1 1
3% 55,790 50,240 = = = = = = 26 17
2% 58,860 53,310 - - - - - - - -
1% 61,940 56,390 = = = = = = = =
0% 65,020 59,470 - - - - - - - -
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Simulated Second-Dose Vaccinations and Doctors' Participation Rate with Maximum Achievable Nurse—Doctor Ratio of 2.02
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Figure 7-1 Simulated Second-Dose Vaccinations and Doctors’ Participation Rate with Maximum Achievable Nurse—Doctor Ratio of 2.02

Simulated second-dose cumulative and daily vaccination trends with the multiple inputs with the doctors’ participation rate and the reference input of 2.02
with the maximum achievable ratio of nurses to doctors. “21.12%, BC” stands for the base case input of the doctors’ participation rate. Grey lines on the
backgrounds indicate the actual vaccination trends.
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7.1.5. Discussions

There is a gap of 7,130 and 2.32% with the potential saving number of doctors and the lowest
acceptable participation rate, respectively, between the simulated values and the estimation
with the equations on human resource balancing. Considering the simulated determinant
trends in Chapter 6, these differences are attributed to the supply-side capacity gap between
vaccines and human resources.

The simulation suggests that 37,920 doctors, 12.32% of the population, might be released
from the recruitment plan without vaccination delay by considering vaccine bottlenecks and
achieving maxratioyperpop Of 5.33 on average, like the JSDF vaccination site with
Takeda/Moderna vaccines, and considering vaccine bottlenecks.

These results and discussions demonstrate the criticality of synchronizing capacities on
human resources and vaccines, besides the effectiveness of operational excellence on sites for
vaccinations, to materialize fewer resource allocations for the project. With the simulation
model and vaccine procurement schedules at a national scale, a government or project
management office will be able to propose optimal numbers of healthcare workers’ recruitment
to cooperative organizations.

7.1.6. Limitations

The number of potentially saving healthcare workers is sensitive to the input values of the daily
vaccination productivity and the weekly proportion of working days. The larger the productivity,
the fewer the potential saving healthcare workers get. The smaller the weekly proportion of
working days, the more potential saving healthcare workers get. Therefore, the exact numbers
of simulated potential saving healthcare workers should be carefully interpreted.
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7.2. Acceleration by Early Immunity Development for Healthcare Workers
7.2.1. Objective

This subchapter explores the impact of earlier vaccine procurement and distribution to solve
the human resource constraints in mid to late May. The model simulation predicts that the
administration determinant of first-dose vaccinations for the elderly with Pfizer/BioNTech
vaccines is human resource capacity from May 17 to June 1, 2021 (cf. Table 6-3 in Chapter 6.2).
In most of the period before the depletion of willing people, the administration determinant is
vaccine deliveries and stocks. Human resource capacity is determined by the number of
healthcare workers who have experienced the immunity development period after the second
dose. One of the minimum interventions for this bottleneck is to complete the vaccinations for
healthcare workers with Pfizer/BioNTech vaccines earlier.

7.2.2. Approach

This exploration assumes that the 9.65 million doses of Pfizer/BioNTech vaccines are delivered
from February 15 to April 5 without increasing the total delivered Pfizer/BioNTech vaccines in
the simulation time range. The first date of vaccinations with the human resource constraint is
on May 17, which is 35 days after April 5. It takes 7 days from a reservation to a first dose, 21
days from a first to a second dose, and 7 days for immunity development after a second dose of
Pfizer/BioNTech vaccines. Therefore, this simulation assumes the last delivery date of
Pfizer/BioNTech vaccines for healthcare workers is April 5.

The daily deliveries of all the Pfizer/BioNTech vaccines from April 6 to May 2 are added to
the daily deliveries 28 days before from March 9 to April 4, respectively. The delivered amount
of vaccines on April 5 is equal to the actual total delivered amount of Pfizer/BioNTech vaccines
for the primary series of healthcare workers minus the cumulative amount of modified vaccine
deliveries by April 4. No vaccine delivery is assumed after April 6 for healthcare workers. On
May 3, vaccine distributions with Pfizer/BioNTech vaccines are initiated for the elderly and other
citizens. Figure 7-2 exhibits the assumed and actual vaccine distribution trends: the latter is the
base-case input of the simulation.

Other simulation inputs are the same as the base case in Chapter 6.
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Modified and Base—Case Distributions of Pfizer/BioNTech Vaccines

(a) Cumulative Distribution
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Figure 7-2 Modified and Reference Vaccine Distributions with Pfizer/BioNTech Vaccines

Modified vaccine distribution with Pfizer/BioNTech vaccines to accelerate vaccinations for healthcare workers,
compared with the base-case distribution trend.
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7.2.3. Results of Model Simulation

Figure 7-3 exhibits the simulated cumulative vaccination and deviation trends with the modified
Pfizer/BioNTech vaccine distributions. The modified distribution case outputs a faster first-dose
ramp-up by the beginning of May, a slower pace in early to mid-May, and faster after mid-May.

The second-dose curve fits the shifted first-dose trend.

Table 7-2 lists the deviations of coverage achievement periods between modified and base-
case Pfizer/BioNTech vaccine distributions. The modified case reaches 70% vaccination coverage
earlier by 4 days, 3 days, and 3 days on total doses, first doses, and second doses, respectively.
The corresponding percentage deviations are -1.63%, -1.28%, and -1.17%, respectively.

Figure 7-4 shows the daily vaccination trends with the modified and base cases. The first-
dose daily vaccination speed with the modified distribution is faster than the base case from
mid-March to early April, slower from mid-April to early May, faster from mid to late May,
equivalent from June to August, and slightly faster from early September to the end of October.
The second-dose trend fits the shifted first-dose curve.

Table 7-3 indicates that the simulated determinants of first-dose vaccinations are vaccine
deliveries or willing populations by early September. The administrations with Pfizer/BioNTech
vaccines are determined by vaccine constraints from mid-September to late September and late
October and by the depleted willing people to the end of November. The operations with
Takeda/Moderna vaccines are mainly determined by not-reserved vaccine stocks at sites from
mid-September to late September and late October and by the depleted willing people to the
end of November. The model predicts that the determinant with Takeda/Moderna vaccines for
the age group of 40—44 years old in mid-October is human resource constraints.

Table 7-2 Deviations of Coverage Achievement Periods between Modified and Base-Case Vaccine Distributions
Simulated deviations of coverage achievement periods with all the vaccines between modified and base-case
Pfizer/BioNTech vaccine distributions. The percentage deviation is a deviation divided by the corresponding base-
case achievement period. For the dose round “Total,” the deviations in the Coverage Period columns correspond to
the achievement periods of 20%, 80%, and 140% coverages. For the other dose rounds “First” and “Second,” the
deviations in these columns correspond to the achievement periods of 10%, 40%, and 70% coverages. The start
dates of the achievement periods are the authorization date of the Pfizer/BioNTech vaccine on February 14, 2021.

Deviation Dose Range (Corresponding 20%/10% 80%/40% 140%/70%
Metrics Round Vaccination Coverage) Coverage Period Coverage Period Coverage Period
Deviation Total -22 to -2 days -2 days -4 days -4 days
(day) (at 3% and 8% coverages)
First -27 to 2 days -5 days -5 days -3 days
(at 3% and 4% coverages)
Second -27 to 2 days -5 days -4 days -3 days
(at 2% and 4% coverages)
Percentage Total -31.43% to -1.43% -1.75% -2.34% -1.63%
Deviation (%) (at 2% and 154% coverages)
First -38.46% to 2.30% -4.72% -3.16% -1.28%
(at 1% and 4% coverages)
Second -29.07% to 1.85% -3.94% -2.21% -1.17%

(at 1% and 4% coverages)
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Simulated Cumulative Vaccinations and Deviations with Modified and Base—Case Vaccine Distributions
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Figure 7-3 Simulated Cumulative Vaccinations and Deviations with Modified and Base-Case Vaccine Distributions
(a) Simulated cumulative vaccinations in Japan for the primary series with modified/base-case Pfizer/BioNTech and base-case Takeda/Moderna vaccine

distributions. (b) Deviations of coverage achievement period between the cases of the modified and base-case distributions. (c) Percentage deviations of
cumulative vaccinations. “Mod.,” “BC,” “PB,” and “TM” stand for “Modified Case,” “Base Case,” “Pfizer/BioNTech,” and “Takeda/Moderna,” respectively.
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Simulated Daily Vaccinations with Modified and Base—Case Vaccine Distributions
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Figure 7-4 Simulated Daily Vaccinations with Modified and Base-Case Vaccine Distributions

Simulated daily vaccination trends in Japan for the primary series with modified/base-case Pfizer/BioNTech and
base-case Takeda/Moderna vaccine distributions. Colored areas indicate the daily deliveries of Pfizer/BioNTech and
Takeda/Moderna vaccines. “Mod.” stands for “Modified Case.”
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Table 7-3 Simulated Determinants of First-Dose Reservations with Modified Pfizer/BioNTech Vaccine Distributions

The simulated determinants of first-dose reservations rsvflow1 with modified Pfizer/BioNTech vaccine distributions each time step by vaccine distribution
category with the examples of age groups. The Corresponding Date column lists the dates 7 days after the values of the First-Dose Reservation Date, which
indicates the time steps with the values in rsvflow1. “Vflow,” “Vstock,” “Nurse,” and “People” stand for the vaccine inflows, vaccine stocks, human resource
capacity based on the cooperative nurses, and the willing people as the determinant of the first-dose reservation in the algorithm, respectively. “PB-HW” and
“PB-OC” represent the administrations for healthcare workers and other citizens with Pfizer/BioNTech vaccines, respectively. “TM-LC” and “TM-WP” represent
the administrations at large sites and workplaces with Takeda/Moderna vaccines, respectively. “y.0.” stands for “years old.”

First-Dose Corresponding Vaccine Distribution Category
Reservation  Date of PB-HW PB-OC PB-OC PB-OC TM-LC TM-LC TM-LC TM-WP TM-WP TM-WP
Date First Doses 40-44y.0. 65-69y.0. 40-44y.0. 12-15y.0. 65-69y.0. 40-44y.0. 12-15y.0. 65-69y.0. 40-44y.0c. 12-15y.0.

2021/02/07  2021/02/14 - - - - - - - - - -
2021/02/08  2021/02/15 - - - - - - - - - -
2021/02/09  2021/02/16 - - - - - - - - - -
2021/02/10  2021/02/17 - - - - - - - - - -
2021/02/11  2021/02/18 - - - - - - - - - -
2021/02/12  2021/02/19 - - - - - - - - - -
2021/02/13  2021/02/20 - - - - - - - - - -
2021/02/14  2021/02/21 - - - - - - - - - -

2021/02/15  2021/02/22 Vflow - - - - - - - - -
2021/02/16  2021/02/23 Vflow - - - - - - - - -
2021/02/17  2021/02/24 Vflow - - - - - - - - -
2021/02/18  2021/02/25 Vflow - - - - - - - - -
2021/02/19  2021/02/26 Vflow - - - - - - - - -
2021/02/20  2021/02/27 Vflow - - - - - - - - -
2021/02/21  2021/02/28 Vflow - - - - - - - - -
2021/02/22  2021/03/01 Vflow - - - - - - - - -
2021/02/23  2021/03/02 Vflow - - - - - - - - -
2021/02/24  2021/03/03 Vflow - - - - - - - - -
2021/02/25  2021/03/04 Vflow - - - - - - - - -
2021/02/26  2021/03/05 Vflow - - - - - - - - -
2021/02/27  2021/03/06 Vflow - - - - - - - - -
2021/02/28  2021/03/07 Vflow - - - - - - - - -
2021/03/01  2021/03/08 Vflow - - - - - - - - -
2021/03/02  2021/03/09 Vflow - - - - - - - - -
2021/03/03  2021/03/10 Vflow - - - - - - - - -
2021/03/04  2021/03/11 Vflow - - - - - - - - -
2021/03/05  2021/03/12 Vflow - - - - - - - - -
2021/03/06  2021/03/13 Vflow - - - - - - - - -
2021/03/07  2021/03/14 Vflow - - - - - - - - -
2021/03/08  2021/03/15 Vflow - - - - - - - - -
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7.2.4. Discussions

The simulation with the modified distribution inputs of Pfizer/BioNTech vaccines predicts no
human resource constraints by September, as expected.

The simulation implies that the administration of COVID-19 vaccines has effectively
conquered the human resource constraints in Japan. The model with the faster vaccine
deliveries outputs the achievement dates 3-5 days earlier than the base case with the WHO full
vaccination coverage targets. These deviations can be interpreted as the potential room for
accelerating vaccinations with better human resource management.

The model suggests that much faster vaccinations and earlier coverage achievements might
be materialized by faster vaccine distributions with earlier procurements and earlier vaccine
authorizations by the national government in Japan.

7.2.5. Limitation

Table 7-3 displays that there is a period with human resource constraints as the simulated first-
dose reservation determinant in early October with Takeda/Moderna vaccine administrations.
This output can be counter-intuitive because there might be sufficient human resources in
society in October. This output can be attributed to the algorithm of human resource allocation
between the vaccination for the elderly and other citizens with Pfizer/BioNTech vaccines (vdc =
3) and the vaccinations at large sites with Takeda/Moderna vaccines (vdc = 4). The algorithm
can allocate almost all the human resources to one operation side when the other side has
comparatively small vaccine delivery flows and vaccine stocks for second-dose reservations.
Pfizer/BioNTech vaccines are distributed in early October, while Takeda/Moderna vaccines are
not. There might be room for improving the human resource allocation algorithm to enhance
the model’s explainability.

7.3. Chapter Summary

This chapter explored room for improvement in the vaccination project in Japan with the
developed simulation model. Regarding the resource-saving viewpoint, the model suggested
that the thousands of healthcare worker recruitments can be avoided without a vaccination
delay due to the tight capacity constraints on vaccine supplies. The simulation also
demonstrated the potential to save over 20 thousand healthcare worker recruitments with no
vaccination delay by modified operations in vaccination sites with the maximum achievable
nurse—doctor ratio of 3 or more with Pfizer/BioNTech vaccines. For accelerating the vaccination
speed and achieving earlier coverage, the model predicted that limited chances exist with
human resource management. The simulation implied that earlier vaccine authorizations,
earlier procurements, and faster distributions by the national government were essential to
materialize more immediate vaccination coverage for citizens in Japan.
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8. Limitations and Future Research Topics

This research has the following limitations and potential topics for future explorations.

(1) Vaccine Authorization and Procurement

Vaccine authorization and procurement mechanisms are not discussed in detail, while this
research found these upstream factors were the most critical bottlenecks of the vaccination
project in Japan. The academic discussions on these topics require more comprehensive
reviews of public documents and interviews to consider the decision-making processes
behind the phenomena.

Regarding vaccine authorization, it is inevitable to consider the uncertainties of vaccine
safety, the balance of risks and benefits, and citizens’ attitudes. The latecomer advantage is
critical for citizens’ safety if the risks of new vaccines are significant. Vaccine hesitancy and
risk-aversive culture might prioritize the latecomer advantage and increase citizens’
willingness to take vaccines. In contrast, the pioneering advantage of vaccine authorization
might be critical in the global competition of vaccine procurement. More advanced
discussions on vaccination projects could handle these tradeoffs of key processes from the
comprehensive management viewpoint.

(2) Regional Heterogeneity of Operational Factors

This research did not measure and simulate the regional heterogeneity on both the demand
and supply side with the vaccination trends and mechanisms in Japan.

On the demand side, the willingness proportion to take vaccine shots can vary by
prefecture or municipality. The regional heterogeneity of disease spreads might demand
governments prioritize regions by allocating a limited amount of vaccines. On the supply
side, the number of healthcare workers per unit population and other operational
constraints can vary by region. The regional heterogeneity on the supply side can also be an
operational bottleneck in the vaccination project.

The developed vaccination model in this research can be easily applied to analyzing and
predicting regional vaccination trends by inputting parameters by region if sufficient
datasets and computing capacities are available.

(3) Integration with Epidemiology and Economics Models

The developed model outputs of vaccination coverage trends can be utilized as inputs for
epidemiology models and economic models to strategize a comprehensive policy portfolio
against pandemics in a real-time manner.
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9. Conclusions

This research analyzed the performance and mechanisms of COVID-19 vaccination projects in
Japan with three steps: international comparisons of project performance in 49 countries,
model development and validation of vaccination trends, and exploration of operational
improvement of the project in Japan.

The research quantitatively compared the COVID-19 vaccination coverages, speed, and
trends in 49 countries. Despite the slowest vaccine authorization, Japan became the 13th
earliest country to achieve 70% full vaccination coverage on October 18, 2021, by the 3rd
shortest period from the initial vaccine authorization to the achievement date, 247 days. Japan
ranked 11th with the average—maximum speed ratio of 0.363 with many weekend vaccinations.
Comparing the top 11 countries with average—maximum speed ratio, daily vaccination trends
revealed that Japan experienced a slow pace in the first 80 days from mid-February to early
May. This research found the daily distribution ceiling effect on first-dose vaccinations in the
early phase of the project in Japan: the 48.03% and 88.76% ceiling of daily distributions of the
Pfizer/BioNTech and Takeda/Moderna vaccines, respectively. The daily vaccination trends in
Japan also suggested another potential bottleneck of vaccinations in mid to late May 2021.

The system dynamics model of vaccination trends has been developed with four major
operational factors: willing people to take vaccine shots, daily vaccine deliveries to sites, not-
reserved vaccine stocks at sites, and human resource capacities with healthcare workers. The
model predicted the actual 7-day smoothed vaccination trends with the R-squared of 0.943,
0.909, and 0.915 for the total, first, and second doses with Pfizer/BioNTech and
Takeda/Moderna vaccines from February 14 to November 30, 2021. Regarding the cumulative
vaccination trends of these two vaccines, the 70% coverage achievement period errors
(percentage errors) are 10 days (4.24%), 12 days (5.41%), and 8 days (3.23%) for the total, first,
and second doses, respectively. The simulation results validated the system dynamics
assumptions on the vaccination mechanism: acceleration with increasing fully immunized
healthcare workers as human resource capacities in the early phase, vaccine deliveries and
stocks as major bottlenecks, and deceleration with depleted willing people and vaccines.

Room for operational improvement in Japan was explored with the developed simulation
model for resource-saving and acceleration purposes. This research estimated that thousands of
planned healthcare worker recruitments could be omitted with no vaccination delay due to the
limited vaccine supplies. The model also demonstrated the potential savings of over 20
thousand healthcare worker recruitments without vaccination delay by a modified team
structure in sites with the nurse—doctor ratio of 3 or more with Pfizer/BioNTech vaccines. For
achieving earlier coverage, the model predicted limited opportunities with human resource
management, only shortening the 70% full vaccination coverage period by 3 days. This result
implied that earlier vaccine authorizations, earlier procurements, and faster distributions by the
national government were essential for earlier vaccination coverage for citizens in Japan.

Through the discussions, this research proposed the performance management viewpoints
and tools for model-based project planning and management applicable to future pandemics
and public emergency responses by practitioners.
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