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This study examined vaccination using an illustrative SEIRV model and an exploratory analysis of COVID-19 indicators in five
countries during 2021-2022. Susceptible, exposed, infectious, recovered, and vaccinated populations were tracked by the model,
while incorporating imperfect protection, breakthrough infections, waning immunity, and reinfection over 200 days. In the
empirical analysis, a total of 474 country-week observations from Bulgaria, Japan, South Korea, the United Kingdom, and the
United States were included. For the regressions, vaccination coverage lagged by two weeks, country and calendar-week fixed
effects, policy stringency, variant sequence shares, and Driscoll-Kraay standard errors were used. Peak infectious prevalence was
reduced from 20.27% to 15.02%, a 25.90% reduction, by increasing the simulated vaccination rate from zero to 0.010 per day. In
the primary observational model, each additional 10 percentage points of vaccination coverage were associated with 170.95 more
reported cases per million per day (95% CI: 28.84 - 313.06). The corresponding reproduction number coefficient was 0.0046
(95% CI: -0.0367 – 0.0459). Statistical significance was lost in the case association after including country-specific trends. The
hypothesized reduction in transmission indicators was not consistently supported by the empirical results. Interpretation was
limited by the small country sample, reporting differences, and residual confounding. These findings show conditional epidemic
reductions within the simulation without establishing causal vaccination effects from the observational analysis.
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Introduction

COVID-19 vaccination has been examined through mathe-
matical modeling, clinical research, and population-level ob-
servational studies. The global mortality impact of vaccina-
tion was estimated by using a mathematical model, providing
evidence about modeled deaths averted rather than directly
observed changes in transmission1. Associations between
BNT162b2 vaccination were examined by studies of Israel’s
vaccination program, documenting infection, hospitalization,
and death2,3. With these different approaches, complemen-
tary evidence was provided, but their outcomes and assump-
tions need to be distinguished when interpreting vaccination
research.

Protection against infection differs with the circulating vari-
ant and time since vaccination. In the research conducted in
the United Kingdom, how Delta affected vaccine effectiveness
against newly detected infections was examined. In addition,
a cohort study was conducted in the United States, document-
ing changes in protection over several months4,5. In addition,
studies of transmission among contacts and within households
examined why vaccination should not be represented as uni-
versally preventing subsequent infection or onward transmis-
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sion6,7. These findings motivate models that vaccination indi-
viduals can be allowed to remain partially susceptible.

Additional challenges were introduced by Omicron for in-
terpreting vaccination coverage. Vaccine effectiveness against
symptomatic Omicron infection and the combined roles of
previous infection and vaccination were examined by stud-
ies8,9. Longer-term booster effectiveness and differences in
protection against reinfection before and after Omicron were
investigated by subsequent research10,11. Therefore, the cur-
rent protection of from the percentage of a population com-
pleting a primary vaccination series cannot be fully described.
The relationship between vaccination coverage and epidemic
outcomes may be influenced by dose history, previous infec-
tion, waning immunity, and variant circulation.

A structural way is offered by mathematical models to ex-
amine vaccination under explicit assumptions. Modeling was
used to investigate vaccination priorities by age and serostatus,
while examining vaccination alongside non-pharmaceutical
interventions12,13. In addition, vaccination, interventions, and
the Delta variant were modeled in England14. These studies
show that population structure, epidemic timing, and assump-
tions about other measures affecting transmission need to be
considered for vaccination projections.

To examine epidemic trajectories and intervention scenar-
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ios, compartmental vaccination models have also been used.
An enhanced SEIR model was developed incorporating vac-
cination, while analyzing vaccination in a COVID-19 com-
partmental framework15,16. Other modeling studies also in-
corporated waning immunity and control measures, empha-
sizing the importance of allowing protection to change over
time17,18. Waning protection was represented explicitly by
a model of breakthrough infections in Israel, while the im-
portance of distinguishing infectious periods from symptom
timing was demonstrated by longitudinal research on infec-
tiousness19,20. Together, these studies examined mechanisms
that a simplified vaccination model should either represent or
acknowledge as limitations.

Particular care is required for observational comparisons
due to vaccination coverage changing alongside epidemic con-
ditions. Vaccination coverage and COVID-19 outcomes were
examined in a United States observational study21. First-dose
effectiveness against COVID-19 mortality in England was es-
timated by an age-based regression discontinuity design22.
These studies show how interpretation may be influenced by
research design. The same identification was not provided as
a design using an external eligibility rule by a country-level
comparison before and after a coverage threshold.

In this study, an illustrative SEIRV model was combined
with an exploratory analysis of Bulgaria, Japan, South Korea,
the United Kingdom, and the United States. The contribution
of them is transparent comparison between the behavior of an
assumption-based epidemic model and associations observed
in a small country panel. The simulation was not calibrated to
these countries, and causal validation was not provided by the
empirical analysis. Instead, both components were used to ex-
amine how assumptions, exposure definitions, variant timing,
and statistical adjustment influence the conclusions.

This study particularly seeks to answer the research ques-
tion about how vaccination intensity affects the simulated in-
fectious peak, and how the observed vaccination coverage is
associated with reported cases and the estimated reproduction
number in the selected countries. This study hypothesizes that
the simulated infectious peak will be reduced by higher vac-
cination intensity and that lower reported cases and a lower
reproduction number will be associated with higher lagged
vaccination coverage. These predictions distinguish the the-
oretical and empirical components, allowing their findings to
be separately evaluated.

Methods

In this study, two complementary analytical components were
used. The simulation differed vaccination assumptions while
other conditions fixed within each comparison were held. In
the country analysis, vaccination coverage was examined un-
der observed changes in policy, variant circulation, and epi-

demic conditions. Therefore, a modeled mechanism from an
observational association was distinguished by the conceptual
framework. Agreement between the two components did not
itself establish causality, and differences in assumptions, mea-
surement, or confounding may be reflected by the disagree-
ment.

SEIRV Model

The mathematical modeling of infectious diseases provides
a useful framework for understanding how epidemics spread
and evaluating the effectiveness of public health interventions.
Among various compartmental models, the SIR, SEIR, and
SEIRV models have been widely used to describe disease
transmission dynamics.

The Susceptible-Infectious-Recovered (SIR) model divides
a population into three compartments: susceptible (S), in-
fected (I), and recovered (R). The dynamics of disease trans-
mission are represented by the following system of differential
equations:

dS
dt

=−βSI,
dI
dt

= βSI − γI,
dR
dt

= γI

Where β denotes the transmission rate of the disease and
γ denotes the recovery rate. Although the SIR model pro-
vides a simple framework for describing epidemic dynamics,
it assumes that infected individuals become infectious imme-
diately after infection.

To account for the latent period observed in many infec-
tious diseases, the Susceptible-Exposed-Infectious-Recovered
(SEIR) model introduces an exposed (E) compartment be-
tween susceptible and infectious individuals. The SEIR model
is represented as follows:

dS
dt

=−βSI,
dE
dt

= βSI −σE,

dI
dt

= σE − γI,
dR
dt

= γI

where σ represents the rate at which exposed individuals
become infectious. The SEIR model provides a more realistic
representation of diseases such as COVID-19 by incorporat-
ing the latent period before infected individuals become infec-
tious.

However, the SEIR model does not explicitly account for
vaccination. To evaluate the effect of vaccination on disease
transmission, this study employs the Susceptible-Exposed-
Infectious-Recovered-Vaccinated (SEIRV) model, which ex-
tends the SEIR framework by introducing a vaccinated (V)
compartment. The model is expressed as follows:

dS
dt

=−βSI − vS+ωvV +ωRR,
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dE
dt

= β I[S+(1−η)V ]−σE,
dI
dt

= σE − γI,

dR
dt

= γI −ωRR,
dV
dt

= vS− (1−η)βV I −ωvV

The population was divided into susceptible (S), exposed
but not yet infectious (E), infectious (I), recovered (R), and
vaccinated (V) compartments. A proportion η was used to
represent recued vaccination susceptibility to infection, al-
lowing breakthrough infections through the term (1-η)βVI.
Vaccine-derived protection decreased at rate ωv that individ-
uals returned from V to S. Infection-derived immunity de-
creased at rate ωR that recovered individuals returned to the
susceptible compartment and permitting reinfection. Limita-
tions of models that assumed permanent protection after vac-
cination were addressed by aforementioned mechanisms17,18.

In the model, homogeneous mixing, constant parameters
with each simulation, and identical infectiousness and re-
covery rates for breakthrough and other infections were re-
tained. The proportion currently in the model’s partially pro-
tected state was represented by the vaccinated compartment,
rather than cumulative vaccination coverage. After returning
to the susceptible compartment, individuals could be vacci-
nated again. Age, vaccine product, dose number, and hybrid
immunity were not modeled separately.

The basic reproduction number (R0) is the expected number
of secondary infections generated by one infectious individual
in a fully susceptible population. This number was used as β

γ

for the model without vaccination. The baseline transmission
coefficient of β = 0.30 per day and recovery rate of γ = 0.10
per day. Therefore, it gave R0 = 3. An illustrative baseline
scenario was defined by this value. This value was not esti-
mated from the country data or intended to show a particular
country, epidemic period, or SARS-CoV-2 variant.

Simulation Design

To examine the effect of vaccination, a SEIRV model was sim-
ulated for 200 days. The initial population consisted of 99.0%
susceptible, 0.5% exposed, and 0.5% infected individuals. No
one was initially recovered or vaccinated. The total population
was normalized to one so that all compartments represented
population proportions rather than absolute numbers.

Baseline protection against susceptibility was set to η =
0.60 as an illustrative intermediate scenario rather than a
pooled clinical estimate. Mean durations of vaccine-derived
and recovered immunity were set to 180 and 270 days, re-
spectively, by following a published modeling specification18.
Due to the nature of vaccine protection varying over time with
breakthrough occurring, lower and higher protection assump-
tions were examined19.

The baseline transmission coefficient was β = 0.30 per day,
the exposed-to-infectious progression rate was σ = 0.20 per

day, and the recovery rate was γ = 0.10 per day. These val-
ues indicate mean latent and infectious periods of five and ten
days, respectively. They were retained from the original sim-
ulation to permit comparison between model structures with-
out being fitted to a particular country or variant. In a fully
susceptible population without vaccination, the corresponding
basic reproduction number is R0 = β

γ
= 3. The latent period

is the interval from infection to infectiousness, while the incu-
bation period is the interval from infection to symptom onset.
Research on infectious viral shedding supports distinguishing
symptom timing from infectiousness20. The baseline param-
eter values and sensitivity ranges are summarized in the Sup-
plementary Table S1.

Supplementary Table S1. The baseline parameter values and sensi-
tivity ranges are summarized as presented examined values.

Parameter Baseline Values examined
Transmission coefficient,
β

0.30/day 0.20, 0.30, 0.40/day

Mean latent period, 1/σ 5 days 2, 3.5, 5 days
Mean infectious period,
1/γ

10 days 3, 5, 10 days

Susceptibility reduction, η 0.60 0.20, 0.60, 0.90
Mean vaccine-protection
duration, 1/ωV

180 days 90, 180, 365 days

Mean recovered-immunity
duration, 1/ωR

270 days 90, 180, 270 days

Vaccination rate, ν Four scenarios 0, 0.002, 0.005,
0.010/day

The sensitivity values show deliberately broad scenario as-
sumptions. To examine alternatives to the original baseline,
shorter latent and infectious periods were included as in-
formed by published modeling and infectiousness studies19,20.
The parameter grid is not a confidence region. Therefore, its
endpoints should not be interpreted as universally applicable
biological estimates.

To present increasing vaccination intensity, vaccination
rates of 0, 0.002, 0.005, and 0.010 per day were used. The vac-
cination flow was vS(t). Therefore, the susceptible population
remaining at each time mattered for the number entering the
vaccinated compartment. These rates were hypothetical with-
out being calibrated to the rollout of any particular country.
How vaccination assumptions changed epidemic trajectories
was examined by the simulation, while associations involving
observed population vaccination coverage were examined by
the empirical analysis.

Data

This study uses COVID-19 data from Our World in Data
(OWID), which includes data from the World Health Orga-
nization (WHO) and national public health organizations. The
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OWID database provides information on COVID-19 cases,
vaccination progress, government response measures, and epi-
demiological indicators, making it suitable for cross-country
comparative analysis.

To compare differences in vaccination coverage, govern-
ment interventions, and reported epidemic patterns, the United
Kingdom, United States, Japan, South Korea, and Bulgaria
were deliberately chosen. An exploratory comparison was
supported by this selection rather than a globally representa-
tive sample. Selecting countries with contrasting experiences
may introduce selection bias and limits generalization.

The sample period covers January 2021 to December 2022.
January 2021 marked the beginning of large-scale COVID-19
vaccination campaigns in most countries, allowing the analy-
sis to capture the effects of vaccination on disease transmis-
sion. The dataset ends in December 2022 because many coun-
tries revised their COVID-19 testing and case reporting sys-
tems during 2023.

All five countries contributed to the continuous-coverage
analysis. In the primary sample, there were a total of 474
country-weeks. Among them, 95 for Bulgaria, 90 for the
United Kingdom, 92 for Japan, 94 for South Korea, and 103
for the United States. The differing contributions indicated
vaccination-data availability and analytical eligibility.

Only the United Kingdom, United States, Japan, and South
Korea were included in the threshold comparisons since 50%
primary-series coverage was not met by Bulgaria during the
study period. The four ±90-day descriptive windows had a
total of 724 daily observations. Among them, there were 90
pre-threshold days and 91 post-threshold days per country.
Therefore, only countries that attained the specified coverage
level were relevant to threshold results. Two outcomes were
analyzed separately: reported new COVID-19 cases per mil-
lion people and the estimated effective reproduction number.
The principal explanatory variable was primary-series vacci-
nation coverage that was expressed as the number of people
fully vaccinated per 100 population. Coverage was contin-
uously analyzed and lagged by two weeks. Stringency In-
dex and the proportions of sequenced samples classified as
Delta or Omicron were additional explanatory variables. Peo-
ple fully vaccinated per hundred measures the proportion of
the population that completed the primary vaccination series
in each country. The reproduction rate (R) represents the av-
erage number of secondary infections from an infected indi-
vidual and reflects the intensity of disease transmission. The
Stringency Index is a composite indicator ranging from 0 to
100 that summarizes the strictness of government containment
policies, including school closures, workplace closures, travel
restrictions, and restrictions on public gatherings. Vaccina-
tion rate refers to the model parameter v, vaccination coverage
refers to the observed population percentage completing the
initial vaccination protocol, and vaccination threshold refers to

a specified coverage percentage used in the descriptive com-
parisons. These quantities are conceptually related but are not
interchangeable. Together, these variables were used to exam-
ine how vaccination, transmission intensity, and government
interventions influenced COVID-19 case trends across coun-
tries.

The analysis used the archived Our World in Data
COVID-19 dataset for Bulgaria, Japan, South Korea, the
United Kingdom, and the United States from January 1,
2021, through December 31, 2022. A total of 3,650
country-day records were extracted in the dataset. Peo-
ple_fully_vaccinated_per_hundred, which recorded comple-
tion of the initial vaccination protocol rather than booster cov-
erage, was used to measure primary-series vaccination cover-
age. Mathieu and colleagues described the construction of the
OWID vaccination database23.

Stringency_index was used to measure government re-
sponses. Nine policy indicators were combined by this index
on a scale from 0 to 100, with higher values showing stricter
recorded containment policies. Individual compliance or the
effectiveness of those policies were not measured directly24.

New_cases_per_million and reproduction_rate were two
outcomes. The archived case series was supplied through
the WHO COVID-19 reporting system, representing reported
cases rather than all infections. To reduce the influence
of daily reporting batches, weekly means were used. The
reproduction-number series comprised of model-based esti-
mates associated with the Tracking R framework that used a
Kalman-filter approach. Since it was not a directly observed
outcome, it should not be treated as independent confirmation
patterns in reported cases.

Missing vaccination observations were carried forward
within countries for a maximum of 14 days. Before the first
available observation, values were not filled. Then, coverage
was measured at the end of each week and lagged by two
weeks. The primary models only included complete calen-
dar weeks with the required outcomes, exposure, policy, and
usable variant information. The analysis used archived OWID
data from owid-covid-data.csv and CoVariant sequence counts
from perCountryData.json. For each country and 14-day Co-
Variants reporting period, Delta and Omicron shares were cal-
culated by dividing each variant’s sequence count by the total
sequence count. These shares were assigned to dates within
each period and averaged by week. Periods with fewer than
20 sequences were treated as missing, while excluding weeks
without seven day of usable variant information. For descrip-
tive summaries only, country-day observations were classi-
fied as low coverage when the initial vaccination protocol
was completed by fewer than 30 people per 100 population,
medium coverage when it was completed from 30 to below
60 people, and high coverage when it was completed by 60
or more people. These categories were presentation choices
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rather than biological thresholds. Continuous vaccination cov-
erage was used in the primary regressions.

Regression Model

The empirical analysis proceeds in two stages. First, de-
scriptive analyses are conducted using summary statistics and
graphical comparisons before and after each country reached
50% full vaccination coverage. These analyses provide an
overview of how COVID-19 cases, vaccination coverage, and
government response measures changed around the vaccina-
tion threshold.

Continuous vaccination coverage was used in the primary
analysis to have the findings not depend on a single thresh-
old. The 50% threshold was not interpreted as a biologi-
cal herd-immunity threshold but was retained as a descrip-
tive reference point. 40% and 60% thresholds were used in
the additional analyses. In these analyses, complete calen-
dar weeks within ±90-day window in each country were in-
cluded, while excluding weeks containing both pre-threshold
and post-threshold days.

Supplementary Table S2. Robustness of Regression Estimates
Across Vaccination Coverage Thresholds. N is the number of
country-week observations in each regression. Coefficients com-
pare post-threshold with pre-threshold weeks. Outcomes are weekly
means. Complete Monday-Sunday weeks within 90days before and
after country’s first observed threshold date were used in each analy-
sis. Weeks spanning that date are excluded.

Vaccination
threshold

N
Reported cases per million

Coefficient (95% CI)
Reproduction number
Coefficient (95% CI)

40% 96
73.60

(−30.75, 177.95)

−0.031

(−0.381, 0.318)

50% 97
50.95

(−110.47, 212.37)

−0.334

(−0.743, 0.075)

60% 96
5.45

(−84.92, 95.81)

−0.138

(−0.400, 0.124)

Second, associations between continuous vaccination cov-
erage lagged by two weeks and each outcome were exam-
ined by weekly panel regressions, adjusting for country and
calendar-week fixed effects, policy, stringency, and Delta and
Omicron sequence shares.

Yiw = ai +λw +b
(︃

Ci,w−2

10

)︃
+θGiw +δDiw +µOiw + εiw

Where, Yiw shows either mean daily reported cases per mil-
lion or the mean estimated reproduction number for country i
in week w. The term Ci,w−2 shows a primary-series vaccina-
tion coverage two weeks earlier and is measured as a percent-
age of the population. b is the association corresponding to

a ten-percentage-point increase when dividing the coverage.
A ten-percentage-point increase corresponds to the dividing
coverage by ten. Giw indicates mean policy stringency, while
Diw and Oiw represent Delta and Omicron sequence shares ex-
pressed from zero to one. ai shows the country fixed effects,
λw shows calendar-week fixed effects, and εiw shows unex-
plained variation.

Daily observations were aggregated into complete Monday-
Sunday calendar weeks. Weekly means were used to represent
outcomes and the Stringency Index, while the latest eligible
observation available by the end of each week was used to
measure vaccination coverage. In both outcome models, coun-
try and calendar-week fixed effect were included. Driscoll-
Kraay standard errors with a four-week bandwidth were used
to explain serial correlation and dependence across countries.
Two- and eight-week bandwidths were used in the sensitivity
analyses, while adding country-specific linear trends.

Ordinary least squares were used to estimate models
through explicit fixed-effect indicators. For Driscoll-Kraay
covariance estimates, calendar-week sums of regression
scores were used, along with Bartlett weights, and the finite-
sample multiplier n

n−k where k included the fixed-effect coeffi-
cients. A t-distribution was used for approximately 95% con-
fidence interval with the number of observed calendar weeks
minus one degree of freedom. In the primary models, a total
of 103 calendar weeks were included. Therefore, 102 degrees
of freedom were used for interval estimation.

The empirical analysis was observational and descriptive.
Selected sources of confounding were addressed by country
and calendar-week fixed effects, but causal identification was
not established. Therefore, regression coefficients represent
conditional associations rather than causal effects of vaccina-
tion or government policy.

Results

Simulation Results

In figure 1, the simulated proportion of infectious individu-
als over 200 days under four vaccination scenarios are shown.
The same epidemiological parameters were used in all scenar-
ios, including partial vaccine protection, breakthrough infec-
tions, waning immunity, and reinfection. During the initial
epidemic wave, infectious prevalence increased, followed by
the peaks within approximately two months, and subsequently
decline thereafter.

Peak infectious prevalence was 20.27% without vaccina-
tion, followed by 19.09% under low vaccination, 17.44% un-
der moderate vaccination, and 15.02% under high vaccination.
These values represented peak reductions of 5.84%, 13.97%,
and 25.90%, respectively, relative to the no-vaccination sce-
nario. Therefore, the peak infectious proportion was reduced
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Figure. 1 Simulated Infectious Prevalence Under Four Vaccination
Scenarios. Infectious prevalence over 200 days at vaccination rate of
0, 0.002, 0.005, and 0.010 per day. Partial vaccine protection, break-
through infections, waning immunity, and reinfection were incorpo-
rated in all scenarios, with other model parameters held constant.

by higher vaccination intensity under the specified baseline
assumptions.

Under no, low, moderate, and high vaccination, the peak
occurred on days 53.32, 53.94, 54.85, and 56.33. High vacci-
nation delayed the peak by 3.01 days compared with no vacci-
nation. Conditional behavior within an illustrative model was
described by these findings. Therefore, it should not be inter-
preted as estimate of vaccine effectiveness in the study coun-
tries.

In Figure 2, changes in the susceptible and vaccinated com-
partments over 200 days under four vaccination scenarios are
shown. Susceptible individuals are represented by the solid
red lines, while individuals in the vaccinated compartment are
represented by the dashed blue lines. Across all scenarios,
the susceptible proportion initially decreased during the epi-
demic and gradually increased as waning immunity returned
individuals to the susceptible compartment. There may be an
increase or a decrease in the vaccinated proportion as compart-
ment membership is jointly determined by vaccination, break-
through infections, and waning protection. At day 200, 0.00%,
4.94%, 11.19%, and 19.37% of the population under no, low,
moderate, and high vaccination were represented in the vac-
cinated compartment, respectively. The corresponding sus-
ceptible proportions reported 35.62%, 31.91%, 27.39%, and
21.88%. Therefore, a larger vaccinated compartment was as-
sociated with higher vaccination intensity first, followed by
a smaller susceptible compartment at the end of the simu-
lation. With these compartment proportions, current model
states were described. They should not be interpreted as cu-
mulative primary-series vaccination coverage.

Under the baseline assumptions, the peak infectious propor-

Table 1. Baseline Results from the SEIRV Model. Peak reduc-
tion was calculated relative to the no-vaccination scenario using
unrounded simulation outputs. Partial protection against infection,
breakthrough infections, waning immunity, and reinfection were in-
cluded in the model.

Vaccination
scenario

Vaccination rate,
ν

(per day)

Peak infectious
population

Peak
reduction

Peak day

None 0.000 20.27% 0.00% 53.32
Low 0.002 19.09% 5.84% 53.94
Moderate 0.005 17.44% 13.97% 54.85
High 0.010 15.02% 25.90% 56.33

tion reported 0.202694 without vaccination. This peak was re-
duced to 0.190853, 0.174382, and 0.150204, respectively, in
the low-, moderate-, and high-vaccination scenarios. The peak
occurred between days 53.32 and 56.33. These results are not
about estimates of vaccine effectiveness in the study countries
but indicate hypothetical model scenarios.

A sensitivity analysis evaluated three values for each of
six parameters: transmission coefficient, latent period, infec-
tious period, susceptibility reduction following vaccination,
vaccine-protection duration, and recovered-immunity dura-
tion. A total of 729 parameter combinations were produced.
With four vaccination rates, each combination was simulated,
generating 2,916 runs. The highest reductions were calculated
against the no-vaccination simulation by applying the same
remaining parameter values (Table 2).

Higher vaccination rates reduced or remained unchanged
with the maximum infectious population relative to the
matched no-vaccination scenario across the specified param-
eter grid. Peak reductions were in a range from 0.00%
to 72.35%, with a median of 15.34%, under high vaccina-
tion. Variation across selected deterministic scenarios was de-
scribed by these values rather than statistical confidence inter-
vals. They also indicated that the magnitude of the modeled
benefit was influenced by the epidemiological and protection
assumptions.

For the baseline simulations, an adaptive Runge-Kutta
solver was used with relative tolerance of 10−10, absolute tol-
erance of 10−12, and a 0.01-day grid for identifying peaks.
Fourth-order Runge-Kutta integration was used with a 0.10-
day step. Selected sensitivity simulations were checked
against the adaptive solver. Around 1.74 x 10−6 was calcu-
lated as the maximum checked differences in peak infectious
proportion. Both population conservation and compartment
non-negativity were also checked.

Empirical Results

Table 3 summarizes a total of 3,293 country-day observa-
tions, including 929 in the low vaccination group, 646 in the
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Figure. 2 Simulated Susceptible and Vaccinated Population Proportions Under Four Vaccination Scenarios. Susceptible (S; solid red) and
vaccinated (V; dashed line) population proportions over 200 days at vaccination rates of 0, 0.002, 0.005, and 0.010 per day. Current partial
protection is represented by the vaccinated compartment, with individuals who are able to leave through breakthrough infection or waning
immunity.

medium group, and 1,718 in the high group. For those three
groups, the mean full vaccination coverage reported 10.338%,
41.542%, and 75.827%, respectively. The highest mean re-
ported cases per million was 680.675 in the high vaccination
group, compared with 191.247 in the low group and 137.929
in the medium group. According to reported cases, the great-
est variability was shown in the high group, with a standard
deviation of 3,132.519, compared with 833.107 and 532.046
in the low and medium groups.

Mean estimated reproduction numbers were also close to
one across the three groups. It reported 1.014 in the low group,
1.018 in the medium group, and 1.050 in the high group. Mean
Stringency Index values were 54.845, 37.049, and 32.163, re-
spectively. This indicated that observations with high vacci-
nation coverage corresponded with lower average policy strin-
gency. These groups had observations from different countries
and calendar periods. Therefore, vaccination effects cannot be
established by their unadjusted differences. Hereupon, con-

tinuous vaccination coverage was examined by the subsequent
regression analyses, while explaining country differences, cal-
endar time, policy stringency, and variant sequence shares.

In Figure 3, unadjusted weekly mean reported cases around
the first observed date of 50% full vaccination coverage was
represented in each country. A pronounced increase around
the threshold was observed in the United Kingdom, while
there was an increase during the post-threshold period follow-
ing an earlier decline in the United States. An increase in the
cases was reported in Japan before the threshold, followed by
subsequent decline. A later increase toward the end of its post-
threshold window was shown in South Korea. These patterns
indicate variation across countries and calendar periods.

Mean reported cases per million increased from 93.30 to
492.17 in the United Kingdom, from 97.17 to 320.85 in the
United States, and from 31.75 to 65.39 in South Korea for
the full daily comparison windows, comprising 90 days be-
fore and 91 days from the threshold onward. The mean de-

© The National High School Journal of Science 2026 | 7



Table 2. Sensitivity of Peak Infectious Prevalence Reduction Across Model Parameter Combinations. A total of 729 combinations of epi-
demiological parameters were included in each vaccination scenario after being obtained by examining three values for each six parameters.
Therefore, a total of 2,916 simulations were produced by four vaccination scenarios.

Vaccination
scenario

Vaccination
rate, ν

(per day)

Minimum peak
reduction (%)

Median peak
reduction (%)

Maximum peak
reduction (%)

No vaccination 0.000 0.00 0.00 0.00
Low 0.002 0.00 3.59 33.21
Moderate 0.005 0.00 8.40 56.10
High 0.010 0.00 15.34 72.35

Table 3. Descriptive Statistics by Vaccination Coverage Group. N shows country-day observations; SD, standard deviation; Min, minimum;
Max; maximum. Vaccination coverage groups are low (<30%), medium (30% to <60%), and high (greater than or equal to 60%), based on
completion of the primary vaccination series.

Group Variable N Mean SD Min. Max.
Low <30% New cases per million 929 191.247 833.107 0.000 9058.340
Low <30% Reproduction number 929 1.014 0.221 0.610 1.690
Low <30% Fully vaccinated (%) 929 10.338 9.921 0.000 29.990
Low <30% Stringency Index 929 54.845 13.086 23.150 87.96
Medium 30–<60% New cases per million 646 137.929 532.046 0.000 4741.530
Medium 30–<60% Reproduction number 646 1.018 0.244 0.420 1.840
Medium 30–<60% Fully vaccinated (%) 646 41.542 10.888 30.030 59.990
Medium 30–<60% Stringency Index 646 37.049 19.547 11.110 62.500
High ≥60% New cases per million 1718 680.675 3132.519 0.000 52456.860
High ≥60% Reproduction number 1718 1.050 0.321 0.420 4.080
High ≥60% Fully vaccinated (%) 1718 75.827 7.849 60.040 85.600
High ≥60% Stringency Index 1718 32.163 13.373 5.560 54.860

creased from 63.10 to 23.98 in Japan. These daily average are
reported in Supplementary Table S3. They are distinct from
the weekly means plotted in Figure 3. With these compar-
isons, changes coinciding with threshold attainment were de-
scribed without establishing the causality of vaccination with
observed increases or decreases.

Figure 4 indicates the estimated reproduction number
around each country’s 50% vaccination threshold. In the
United Kingdom, the mean reproduction number decreased
from 1.148 to 1.049. In Japan, it decreased from 1.149 to
0.618. In South Korea, it decreased from 1.103 to 1.068. In
the United States, however; it increased from 0.901 to 1.173.
Mean reported cases increased in the United Kingdom and
South Korea despite their lower mean reproduction numbers.
The corresponding daily reported cases in before-and-after
comparisons and estimated reproduction numbers are summa-
rized in Supplementary Table S3.

In the primary model, a ten-percentage-point increase in
vaccination coverage two weeks earlier was associated with
170.95 additional mean daily reported cases per million peo-
ple (95% CI, 28.84 to 313.06) (Table 4). The corresponding

association with the reproduction number was 0.0046 (95%
CI, -0.0367 to 0.0459) that no clear evidence of an associa-
tion was provided (Table 5). Conditional relationships in the
selected country panel were described by aforementioned co-
efficients, while individual vaccine effectiveness was not esti-
mated.

The case association was sensitive to additional temporal
adjustment. The coefficient decreased to 90.55 after includ-
ing country-specific linear trends, with a confidence interval
spanning zero (-193.19 to 374.28). An interval also spanned
zero after excluding South Korea (-18.92 to 129.95). The
reproduction-number association remained uncertain across
these specifications.

Discussion

According to the simulation, the maximum infectious popu-
lation was reduced by increasing vaccination intensity under
the specified assumptions. A high-vaccination peak reduc-
tion of 25.90% in the baseline scenario was produced by al-
lowing breakthrough infections and waning immunity. Based
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Figure. 3 Weekly Reported COVID-19 Cases Around 50% Full Vaccination Coverage. Weekly means of daily reported cases per million in
the United Kingdom, United States, Japan, and South Korea measured by using complete Monday-Sunday within ±90-day threshold window
in each country. Points are plotted at the midpoint of the week, and the first observed date of 50% full vaccination coverage was marked by
vertical dashed lines.

on the broader sensitivity analysis, substantial variation was
shown in this reduction. This demonstrated that assumptions
about transmission, infectiousness, and protection influenced
numerical conclusions.

Corresponding evidence of a negative association between
vaccination coverage and the reproduction number was not
provided by the empirical findings. The primary coverage
coefficient for the reproduction number was almost zero or
uncertain. The positive association with reported cases was
no longer statistically significant after country-specific trends
were added. The reproduction-number association was al-
ready non-significant in the primary model. Therefore, the
empirical hypothesis was not supported by the analysis.

In addition, a direct test of individual vaccine effective-
ness was not provided by these results. Different outcomes,
populations, and identification strategies, including protection
against documented infection and severe disease were exam-
ined by clinical and population studies. This study instead
describes aggregate associations across five countries during
changing epidemic conditions. They were designed to con-
tribute to distinguish model-dependent vaccination scenarios

from the more limited conclusions supported by a small ob-
servational country panel.

The vaccination-threshold comparisons were made under
different variant and policy conditions. In the reconstructed
OWID dataset, the United Kingdom and the United States
reached 50% full vaccination coverage first on July 5 and
July 9, 2021, respectively. On October 3 and 7, 2021, their
90-day post-threshold windows ended. Across these win-
dows, the mean daily assigned Delta sequence shares reported
99.80% and 97.64%, respectively. However, Omicron shares
were almost negligible or zero. Therefore, the observed in-
creases in reported cases in these countries to Omicron were
not supported by the aforementioned results. The regression
included variant sequence shares and calendar-week fixed ef-
fects. However, the associations may still be confounded by
unmeasured changes in testing, behavior, and prior infection.

Different aspects of epidemic activity were described by re-
ported cases and the estimated reproduction number. Reported
cases measure the number of detected infections. However,
the reproduction number estimates the average number of sec-
ondary infections generated by an infected individual under
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Figure. 4 Weekly Estimated Reproduction Numbers Around 50% Full Vaccination Coverage. Weekly mean estimated reproduction numbers
for the United Kingdom, United States, Japan, and South Korea by using complete Monday-Sunday weeks within ±90-day threshold window
in each country and plotted at the midpoint of the week. The first observed date of 50% full vaccination coverage was marked by vertical
dashed lines, while the horizontal dotted lines mark R = 1.

Supplementary Table S3. Mean Reported Cases and Reproduction
Numbers Before and After 50% Full Vaccination Coverage. Values
are unadjusted arithmetic means of daily observations. Before in-
cludes the 90 days preceding the first observed date of 50% full vac-
cination coverage (day -90 to -1). After includes that date and the
following 90 days (days 0 to 90; 91 observations).

Country Period
Mean daily reported

cases per million
Mean estimated

reproduction number

United Kingdom Before 93.30 1.148
United Kingdom After 492.17 1.049
United States Before 97.17 0.901
United States After 320.85 1.173
Japan Before 63.10 1.149
Japan After 23.98 0.618
South Korea Before 31.75 1.103
South Korea After 65.39 1.068

prevailing conditions25. Therefore, a decreasing reproduction
number may occur with increasing cases, especially when it
remains above one. In the United Kingdom and South Ko-
rea, there was a decrease in the mean reproduction numbers.
However, it remained above one, while mean reported cases

increased. This pattern was not universal. In Japan, both
indicators decreased. However, they increased in the United
States. Therefore, these descriptive comparisons should be
distinguished from the adjusted weekly regressions as a sta-
tistically significant association between vaccination coverage
and the reproduction number was not identified. A causal vac-
cination effect was not established by any analysis.

Several limitations restrict interpretation of the findings
in this study. Five countries were included in the analy-
sis, but global generalization is not supported by their selec-
tion. Calendar-week fixed effects explained common tempo-
ral changes. However, they could not remove country-specific
changes in testing, reporting, behavior, mobility, prior in-
fection, booster uptake, or the age distribution of infections.
Recorded policies were measured by the Stringency Index,
and variant proportions were derived from sequenced samples
that may not represent all infections. Vaccine products or time
since vaccination were not distinguished by vaccination cover-
age. Sample composition was also affected by missing vacci-
nation observations and the restriction to complete analytical
weeks. Because of these limitations, regression coefficients
could not be interpreted as individual vaccination effective-
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Table 4. Weekly Panel Regression for Reported COVID-19 Cases Per Million. The outcome is the weekly mean of daily reported COVID-19
cases per million people. Full vaccination coverage is expressed per 10 percentage points and lagged by two weeks. Variant shares are in a
range from 0 to 1. Therefore, their coefficients show a change of one full unit (100 percentage points).

Predictor Coefficient
Standard

error
95% confidence

interval
p

Full vaccination coverage
(per 10 percentage points,
lagged 2 weeks)

170.95 71.65 28.84 to 313.06 0.019

Stringency Index
(per 1 point)

17.78 9.88 −1.81 to 37.38 0.075

Delta sequence share
(0–1 scale)

−604.63 381.74 −1361.81 to 152.56 0.116

Omicron sequence share
(0–1 scale)

2740.95 573.84 1602.73 to 3879.16 <0.001

Table 5. Weekly Panel Regression for the Estimated Reproduction Number. The outcome is the weekly mean of the estimated effective
reproduction number. Full vaccination coverage is expressed per 10 percentage points and lagged by two weeks. Variant shares are in a range
from 0 to 1. Therefore, their coefficients show a change of one full unit (100 percentage points).

Predictor Coefficient
Standard

error
95% confidence

interval
p

Full vaccination coverage
(per 10 percentage points,
lagged 2 weeks)

0.0046 0.0208 −0.0367 to 0.0459 0.825

Stringency Index
(per 1 point)

−0.0048 0.0025 −0.0098 to 0.0001 0.057

Delta sequence share
(0–1 scale)

0.7104 0.1698 0.3735 to 1.0472 <0.001

Omicron sequence share
(0–1 scale)

1.5289 0.2503 1.0324 to 2.0254 <0.001

ness or causal population effects.

Conclusion

In this study, an illustrative SEIRV simulation was combined
with an exploratory analysis of vaccine coverage and COVID-
19 indicators in five countries. In the model, breakthrough in-
fection, waning protection, and reinfection were incorporated.
Under its baseline assumptions, the peak infectious popula-
tion was reduced by high vaccination by 25.90% in spite of
the magnitude varied substantially across parameter combina-
tions. In the empirical analysis, the estimated reproduction
number was not clearly associated with vaccination coverage.
A positive association with reported cases was sensitive to ad-
ditional temporal adjustment. Therefore, different levels of in-
ference were supported by the simulation and empirical com-
ponents. Behavior under specified assumptions was demon-
strated by the simulation, and the country analysis demon-

strated associations that remained vulnerable to confounding.
A universal vaccination threshold was not established by any
component for epidemic control.
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