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Abstract
The COVID-19 pandemic has yet to be eliminated globally despite the
advancement of immunization programs. Evaluation of the effects of the
vaccination regimes of COVID-19 is critical for understanding the potential
capacity of countermeasures and informing subsequent prioritization
strategies of responses. Research and observational data provide broad
support regarding the importance of effective vaccines, in contrast, debates
remain on the timing and priority of booster vaccination under the
assumption of resource constraint. This study aims to evaluate the effect of
vaccination regimes on the trajectory of the COVID-19 pandemic from the
medium-term perspective. We employ a mathematical model to infer critical
epidemiological characteristics associated with COVID-19, thereafter perform
simulation on the transmission dynamics of the epidemic up to 3 years. The
outcomes imply that in the absence of severe variants of the pathogen,
administration of booster vaccination curtails the peak size of total cases and
share of severe infections at later waves. Nevertheless, it can be better off by
prioritizing the primary doses to unvaccinated individuals when vaccine
shortage is challenged. The effects of priority categories are consistent across a
broad range of profiles. Increasing the rollout capacity (i.e., administration
rate) of doses can render the reproduction number lower than one and hence
contain the transmission of pandemic ultimately controlling for other factors.
The timing of rollout of primary doses is pivotal in reducing the magnitude of
transmission saturation. It is of importance to prioritize the administration of
primary vaccination series to vulnerable individuals efficiently and thereafter
increment of administration capacity when the supply of vaccine increases
over time to scale down the size of an epidemic.
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By the end of 2021, nearly 0.3 billion cases of COVID-19 infections worldwide
were officially identified, of which over 5 million deaths were confirmed in
more than 200 countries and areas 1. The likelihood of containing the
pandemic is low until the global availability of effective vaccines for the
general population 2. Equitable and timely vaccination is supposed to play
critical roles in controlling the spread of the SARS-CoV-2 epidemic 3. The
Emergency Use Authorization of vaccines has expedited the progress of
large-scale vaccine deployment 4,5. And a total of billions of doses have been
administered as of January 2022 according to the report by WHO 1,6. To date,
nearly 170 countries or equivalently roughly five percent of the global
population have reported official records of vaccination. Many countries have
unleashed vaccination campaigns to provide partial immunity to the
population, in contrast, more than one-half of the population in low-income
countries remain unvaccinated (over 160 doses per 100 individuals for high-
and medium-income countries versus below 20 doses per 100 individuals for
low-income countries as of January 2022) 7,8. This reflects the remarkable
challenge of universal accessibility and global allocation of COVID-19 vaccines
2,9.

Vaccines can protect recipients from infections by promoting the formation of
immunity 10,11. Trials aiming to identify the efficacy and safety of vaccines
have been extensively conducted. Studies so far found that primary
vaccination series of COVID-19 (presently one or two doses in most cases)
could achieve a variety level of protection between 60% and 95% with
acceptable safety profile 1,10,11. Vaccines such as a two-dose regimen of
BNT162b2 were capable of conferring efficacy over a period of weeks 12. Mass
vaccination of the first doses of vaccines including Pfizer/BioNTech, Moderna
and Oxford/AstraZeneca was associated with sizable reductions in hospital
admissions 10,11,13. The primary two-dose vaccines by the former administered
3 weeks apart were documented with decently toleration. When treated with
the first dose, the establishment of immunity protection was generally
confirmed 14. For other vaccines such as Ad26.COV2.S, tests revealed that a
single dose was effective against hospitalization and mortality 15. Other
follow-up data of participants in a double-blinded trial reinforced the evidence
of primary effectiveness as well 16.

On the other hand, vaccine immunity wanes over time naturally 13. Precise and
systematic quantifying the dynamics are challenging because the degree of
waning and remaining protection potentially hinge on complex observed and
unobserved factors and could vary from person to person and diversify from
vaccine to vaccine. Some studies have made substantial progress in this
direction 17. Recent investigation indicated that vaccine effectiveness against
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severe COVID-19 decreased by almost 10% over an interval of 6 months
18,19,20,21,22. In older adults, protection against symptomatic disease decreased
more over the same period. Similar waning protection of hospital admissions
and mortality was also delineated 19,20,21. As a countermeasure, data revealed
that participants who received a booster vaccine >5 months after the second
dose had almost one-fold lower mortality due to COVID-19 18,21,22. Other
observational data identified that under the three-dose schedule,
seroconversion rates of neutralizing protection two weeks after the third dose
could reach a level of 97% 19,20,23. The booster vaccination played a sizable role
in mitigating the burden of the past outbreak of Haemophilus influenza 24.

The topic of booster vaccination is controversial. For COVID-19, debates hover
over the necessity, priority, and timing of booster dose for individuals who
previously received the primary vaccination 25,26. Another public concern is the
mechanism of the rates of administration and their interaction on affecting
the transmission dynamics of pandemic essentially 27.

We evaluate the medium-term effects of booster vaccination regimes on the
transmission dynamics of COVID-19 coupled with the traits of the vaccines,
characteristics of the pathogen, and rate of vaccination. We employ a
mathematical model to investigate (1) whether booster vaccination could
reduce the ratio of cases and share of severe infections in the absence of severe
variants; (2) the priority of vaccination strategy under dose supply constraints
(i.e., efficiency-upgraded primary vaccination versus booster dose); and (3)
whether vaccination rates and their interaction impact the transmission
dynamics and fundamentally diminish the COVID-19 pandemic. To account
for a variety of scenarios, we additionally assume that (1) the population is
divided into two categories, the first category includes susceptible individuals
who are vaccinated with routine primary doses and thereafter potentially the
provision of booster vaccination, and the second category consists of
unvaccinated individuals; (2) vaccine supply constraint is introduced at the
point of strategy decision regarding the priority of booster vaccination or
efficiency-enhanced primary vaccination; (3) the first dose of primary series
confers partial and weaker immunity protection versus subsequent doses; and
(4) the immunity conferred by doses wanes over time (Fig. 1).

We show that the administration of booster dose reduces the ratio of total
incidences and severe infections of COVID-19 in the absence of severe variants.
However, increasing the availability and rollout rate of the primary doses to
more vulnerable and unvaccinated populations need to be taken with priority
over the booster dose strategy when supply inadequacy or imbalance is at
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work. A highly effective transmission-blocking primary-dose vaccine
prioritized to the unprotected individuals reduces the peak size of incidences
and severe disease outcomes. The vaccination prioritization strategy findings
are broadly consistent across a variety of scenarios accounting for
transmission rates, rollout speeds, immunity protection and dose spacing. The
principal framework provides meaningful insights to compare the asymptotic
impacts of prioritization strategies across various settings.
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Results

Implementation of booster vaccination can reduce the incidence of
total cases and severe infections.

We simulate the effect of booster vaccination on the transmission dynamics of
COVID-19 under a variety of scenarios (Fig. 2a-2h) and sensitivity analysis is
tested. The rollout initiation of dose 1 is assumed to start at week 45, nearly
one year after the onset of the pandemic outbreak. The efficacy of vaccines has
been identified in trials albeit the presence of heterogeneity in levels 12,13,15,20,23.
Some studies recommend 3 or 4 weeks of spacing between dose 1 and dose 2
20,5,28. Others document that receipt of different doses or varying dose spacing
can induce decent protection as well 17,10,14,20,26. We evaluate a diversified range
of dose 1&2 spacing where the distribution is of 3(Fig. 2c-2f,2h), 8(Fig. 2a-2b),
and 12(Fig. 2g) weeks respectively. Prior work suggests that a booster dose of
mRNA vaccine >5 months apart is effective in partially restoring waning
immunity and protecting individuals against severe COVID-19 outcomes in
comparison with the primary two-dose strategy 29. We appraise the scenario
where the spacing of doses 2&3 is 24 weeks (Fig. 2a,2b,2c,2e,2g), and extend
this to 32(Fig. 2d) and 48 weeks(Fig. 2f). To assess whether the earlier
deployment of dose 3 exerts a differentiated effect, we decrease the length of
2&3 spacing to 8 weeks thereafter. The immunity of dose 1 declines over time
and vaccinated individuals are exposed to infection risk consequently, the
length of which is presumed as 6.5 weeks, and for doses 2 and 3 the
hypothesized value varies from 26 to 52 weeks respectively. We delay the
rollout initiation of dose 1 for 2 weeks to test the sensitivity of vaccination
timing(Fig. 2e). Two differential administration rates of dose 3 (0.02 versus
0.05 per week) are utilized to mimic expeditious and speed-compromised
administration contexts respectively. The parameters utilized in the
simulations are outlined in detail (see Supplementary Table S1).

We find consistent results in all scenarios that administration of booster dose
reduces the ratio of cases and severe infections in the medium term up to 3
years (see Fig. 2 and Supplementary Fig. S2). For a variety of metrics of dose
spacing, the outcomes do not fluctuate qualitatively under diverse hypotheses
on dose immunity protection, administration rate, rollout initiation, and
transmission traits of the pathogen. The allocation of a booster dose
contributes positively to the mitigation and depletion of the pandemic.
Attributable to the dynamics of transmission, an immediate mitigating or
diminishing effect resulting from booster dose is not observed, especially for
the initial weeks from the point of initiation. Rather, the effect manifests at
later times in terms of lessening the peak size of the subsequent waves of the
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outbreak. Even if the booster dose is administered using a shortened 8-week
dose spacing and implemented prior to the saturation, salient and immediate
reduction of outbreak size does not occur. Speedier rollout of dose 3 (0.05 per
week) observes a more salient effect, depleting more sharing of incidences and
severe infections relative to slower rollout (0.02 per week). In the case where
the rollout initiation of dose 1 is delayed for 2 weeks, the size of the outbreak
will be enlarged approximately from 3.5% to 4.0%(Fig. 2c vs. 2e), which
implies that the timing of primary vaccination can fundamentally affect the
trajectory of transmission. Generally, the administration of booster
vaccination is expected to induce a noticeably meaningful containment effect
versus the primary two-dose strategy in terms of downgrading the saturation
size of the pandemic at later times. Deployment of primary doses at an early
stage is preferable, in contrast, early distribution of booster dose cannot
facilitate immediate mitigation effect of outbreak saturation.
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Improving the coverage or administration capacity of primary
vaccine series curtails cases and severe infections more versus
booster vaccination strategy.

We thereafter employ prior three-dose strategy (administration rate 0.02 per
week) as the baseline and evaluate the performance of varying scenarios
enhanced from primary vaccination strategy to estimate whether efficiency
improvement of primary dose series can induce more desirable benefits when
dose inadequacy or imbalance is of concern. Case 1 accelerates the rollout rate
of dose 1 and doses 2 by 30% respectively; case 2 boosts gradually the
administration rate of primary dose 1 over time; and case 3 doubles the
administration rate of dose 1. In all these three settings, booster dose is not
distributed.

We find that broadening the coverage or improving the capacity of primary
vaccination series by accelerating rollout rate to vulnerable individuals who
are previously unvaccinated reduces the ratio of total incidences and severe
infections more versus the administration of booster vaccination to
individuals who are vaccinated with primary doses (Fig.3a-3h and
Supplementary Fig.S3) contingent on assumptions of dose spacing, the
strength of waning immunity, initiation of administration and the traits of the
pathogen. Asymptotically, doubling the administration rate of dose 1 yields
the greatest downsize effect, followed by time-increment administration of
dose 1 and then 30% growth of administration rate for dose 1&2 in all
scenarios. The outcome does not change qualitatively across an extensive
range of assumptions. It needs to be noted that a more salient and immediate
mitigation effect in terms of peak downsize of the pandemic is observed
during the initial weeks than later waves. Asymptotically, doubling the
administration rate of dose 1 is expected to reduce the peak size of incidences
from 4.0% to 1.9% versus booster vaccination, nearly 2.1% of improvement,
then 1.2% decrement of size for time-increment rate enhancement, and 0.8%
for the 30% growth of administration rates. The efficiency-improved primary
vaccination strategy can fulfill meaningful and consistent containment effects
across concurrent and later waves. The timing of primary dose 1 exerts a more
salient depletion effect than the timing of booster dose 3 at the population
level. Prioritizing primary doses instead of booster doses to more
unvaccinated populations can induce more sizeable containment effects than
the booster strategy. Consequently, vaccinating as many individuals with
primary doses as possible needs to be taken with priority in settings when the
insufficiency or imbalance of vaccines is of challenge. The finding supports the
recommendation that prompt provision of primary doses to unprotected and
vulnerable individuals outweighs the prioritized provision of booster
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vaccination to primary-dose vaccinated individuals. The containment effect
resulting from vaccination capacity improvement in terms of rate increment is
meaningful and sizeable even if the approach is enacted gradually. Hence, in
settings where initially vaccine shortage is being challenged, it is of
importance to give priority to the administration of the first dose or primary
series to impart partial immunity at the population level rather than the
prioritization of the booster dose. And if dose supply is promoted over time
thereafter, it can be better off by increasing the availability of and accelerating
the administration rate of primary doses to the population including
individuals who are not previously vaccinated and individuals who have not
completed the primary dose series.

Improving the administration rate of primary vaccination is
feasible to render reproduction number below one that ultimately
eradicates the pandemic in the absence of severe variants.

The reproduction number of an infection is the expected number of cases
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directly generated by one index case in a population and mathematically
denoted as R 17. If 1R , the spread of pandemic can not be successfully
contained; in contrast, if 1R the pandemic is to diminish ultimately (refer
methods and supplementary material) 17,27. The size R reflects the transmission
dynamics and severity of a pandemic and hinges on factors including the rate
of vaccination, rate of immunity waning, transmission rate, rate of recovery,
rate of infection, and susceptibility. Given the uncertainty of confounding
factors regulating the transmission dynamics, we perform tests on vaccination
rate and vaccine efficacy as well as principal parameters in shaping the
epidemic, we assume dose 2 loses protection over time and uniformly wanes
and the efficacy of dose 1 uniformly declines at three paces: (1) loses
protection after 5 weeks; (2) loses protection after 13 weeks; and (3) loses
protection after 26 weeks (Fig. 4). The infection risk after being vaccinated
with dose 3 varies to account for potential heterogeneity. All other parameters
used in the simulation are sketched in detail (See Supplementary Table S3).
We assess the effect of vaccination rate on the size R contingent on the
aforementioned parameters. The rate of booster dose is close to boundary to
mimic the scenario that only small portion of individuals such as essential
healthcare workers and immunity-compromised patients are vaccinated to
obtain the necessary enhanced immunity. In the case where the likelihood of
severe variants emergence and being infected is high, it can be of difficulty to
render R below one even if healthcare service and administration rate is
significantly promoted, rendering the containment of pandemic more
long-lasting and costly (Fig. 4a). In settings where rollout rates are close to the
boundary and healthcare service is not at equilibrium, it is of hardship to
achieve R <1 to meet the criteria of depletion. Consistently, we find that the
rollout rate is negatively correlated with the size of the reproduction number
controlling for other factors. Upon constant administration of dose 2,
increasing the rollout speed of dose 1 is expected to shape a reduced size of R .
The outcome is consistent across a variety of vaccine protection profiles.
Generally, the speedier rate of vaccination, the smaller magnitude of R and
therefore the more expeditious containment of the pandemic. It is of
importance to administer doses to the general population in a rate-prioritized
way when conditions are met. Under the assumption of the commensurate
magnitude of R , we observe a negative relationship between dose
administration rates. Hence, to contain the exponential-like spreading
resulting from initial administration inefficiency (e.g., a low administration
rate), it is crucial to speed up the rollout of doses at a later time to ensure
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coverage of more individuals timely.
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Following the similar vein, we further evaluate the impact of the interaction of
rollout rate on the epidemic size in terms of reproduction number. We assume
dose 2 wanes evenly at three differentiated paces: (1) wanes immunity in 6
months; (2) wanes immunity in 12 months; and (3)wanes immunity in 18
months. Similar findings are identified across a variety of analyses (Fig. 5). All
other parameters used in the simulation are illustrated in detail (See
Supplementary Table S4). Inverse relationship is observed between the rates
of administration. Under constant administration of dose 1, the growth of
dose 2 administration rate ceteris paribus is associated with reduced size of
reproduction number R in all cases. And efficiency-enhanced distribution of
doses 1 is feasible to reduce the size of pandemic where the reproduction
number R <1 under varying assumptions of dose immunity. By improving
the administration capability of doses, it is capable of reducing and even
diminishing the transmission essentially.

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted January 23, 2022. ; https://doi.org/10.1101/2022.01.22.22269569doi: medRxiv preprint 

https://doi.org/10.1101/2022.01.22.22269569
http://creativecommons.org/licenses/by-nc-nd/4.0/


12

Discussion
Our findings imply that vaccination strategy can considerably impact the
trajectory of the COVID-19 epidemic. The contribution of our study is
multi-fold. First, we show asymptotically by mathematical modeling and
analysis that administrating booster dose to previously vaccinated individuals
scales down the peak incidences of cases and severe infections in the absence
of severe variants. The mitigation effect is salient at later waves rather than
the immediate concurrent wave of the outbreak. Second, the administration
of booster dose is suboptimal versus enhancing the rollout efficiency of
primary vaccination in settings where dose inadequacy or imbalance is
challenged and unvaccinated individuals remain to be of public concern.
Increasing the availability of and administration rate of primary dose series
for more vulnerable individuals can lower the total incidences and severe
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diseases more versus prioritizing the booster vaccination in both concurrent
wave and subsequent outbreaks. The earlier rollout of primary doses
outperforms delayed administration in terms of reduction of peak size
controlling for confounding factors. The benefits increase with the rate at
which vaccines are administered. Third, the findings are robust to diversified
dose spacing and other factors, and the benefits of enhancing primary
vaccination hold across a variety of assumptions. Fourth, although the
transmission dynamics of a pandemic is potentially affected by complex
factors, it is feasible to obtain reproductive number below one by accelerating
the vaccination rate including primary doses. Hence, it could be better off by
expanding the availability and administration rate of primary doses in settings
where dose availability per individual is low. The benefits of primary
vaccination outweigh the benefits of booster vaccination over an expansive
range of analyses, the mitigation effect resulting from the efficiency-enhanced
primary vaccination is considerable and meaningful regardless of whether the
administration efficiency is corrected at a time-invariant or time-varying pace.
Our finding supports the recommendation that priority be calibrated to the
distribution of primary doses to the more vulnerable population not yet
completing the primary sets as rapidly and early as possible. Nonetheless, the
mass vaccination of booster dose may potentially represent an alternative to
targeted vaccination strategies in the case where global vaccine supply
capacity and imbalance are not of appreciable challenge.

Our findings are consistent with recommendations stating that
immunogenicity of the primary vaccination is effective in the prevention of
infection 5 and delaying the booster dose was beneficial to further reduce the
rates of carriage 24. We examined the connection between the weekly
vaccination speed, infectiousness, and immunity protection in determining
the size of the outbreak and therefore potential optimal vaccination strategies.
We found that differences in dose spacing are negligible when the weekly
administration capacity is not close to boundary-binding and modestly high
relative to the reproduction number (Fig. 4 and Fig. 5). Observational data has
identified that one dose of COVID-19 vaccine was efficacious and safe for
individuals to protect against symptomatic COVID-19 and was effective
against severe disease 30,31. Even if sustained immunity is achieved after
infection, observational evidence suggests that more than one-half of a general
population needs to be vaccinated to attain herd immunity 30. Prioritizing the
primary doses facilitates the progress of herd immunity and is preferable to
booster vaccination consistently across varying scenarios accounting for
differentiated administration rates, the transmissibility of the pathogen, and
efficacy of the vaccines. Prioritization of booster dose was a suboptimal
strategy in settings where dose insufficiency or imbalance is observed. Instead,
prioritizing the availability of primary vaccination sets to more populations

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted January 23, 2022. ; https://doi.org/10.1101/2022.01.22.22269569doi: medRxiv preprint 

https://doi.org/10.1101/2022.01.22.22269569
http://creativecommons.org/licenses/by-nc-nd/4.0/


14

who are underserved was associated with a larger reduction in the peak size of
total infections and severe outcomes. Under a strategy in which vaccines are
retained for presently vaccinated individuals, this can potentially provide
meaningful insights under the assumption of supply shortage.

Prior work suggests that timing of vaccination rollout and prioritizing first
doses over others is expected to engender a sizable effect on curtailing
mortality rate 32. The timing of vaccination relative to the epidemic
establishment plays a crucial role in determining the effect on the outbreak. If
vaccination delay emerges before an epidemic starts to unfold, the
effectiveness of vaccination strategies is compromised. We extend the findings
to booster dose coupled with the incidence of cases and severe infections.
Although the provision of primary doses needs to be taken with priority versus
booster vaccination, the outcomes are sensitive to the timing of
administration. This highlights the necessity of timely and early delivery of
primary vaccination to the vulnerable and needed individuals.

Some studies showed that the rate at which the COVID-19 vaccines advanced
to the general population is critical 22. Others have identified the spillover
effect that high vaccination rates were associated with lower infection rates at
later times for the unvaccinated population 33. It has been found that
approximately 60% of the supplied vaccines were administered in some
countries. The compromised pace of vaccination affects the effect of
containment 18. Hence, the importance and necessity of promoting
administration efficiency could be manifold. To increase the rollout capacity,
several issues including misinformation, vaccine hesitancy resulting from
adverse effects, safety concerns, and compromised public confidence (e.g.,
frequent updates of vaccination recommendations) have to be addressed.
These dilemmas have complicated the advance of vaccination campaigns
globally 18. Although a safe and effective vaccine holds the greatest promise for
controlling the pandemic, hesitancy to accept vaccines remains 34. Vaccine
hesitancy, defined as the delay in the acceptance or denial of vaccination
regardless of the positive outcomes of vaccination, complicates the
containment of the pandemic. Some adverse effects can be general whereas
others are individual-specific varying from vaccine to vaccine 5. Studies
found that adverse events including injection site pain, fatigue, headache, and
chills were reported in nearly one-third of vaccine recipients 14. To reduce
vaccine hesitancy, identifying adverse events and rebuilding the public
confidence toward vaccination is indispensable 35. Research so far
documented that the acceptance rate of COVID-19 vaccine was up to 80% in
some countries 21,36. Vaccine hesitancy remains a non-negligible barrier to
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meaningful containment of COVID-19. The challenge could be elaborate and
context-specific, differentiating over time, communities, vaccines, which has
been recognized as a hurdle in both poor and non-poor countries
37. Investigations targeting healthcare staff who were involved in the direct
exposure risk of COVID-19 found that the likelihood of refusing vaccination
was lower relative to their counterparts 36. Addressing the challenge of global
vaccine hesitancy is an initial step in the efforts of vaccination programs 38. It
is detrimental to the consolidation of immunization efforts and eradication of
the pandemic 39. Persistent vaccine hesitancy can deteriorate the situation
where unvaccinated population increases, which would potentially render the
emergence of novel or severe variants as the likelihood of transmission and
cross-transmission in these settings are higher 19. Recent variants such as
Alpha, Delta, and Omicron compromised the immunity protection conferred
by vaccines 10, and a more than 20-fold escape from vaccine-elicited
neutralization by Omicron has been reported 40,41. Identification of Omicron
variant in Africa and thereafter fast spreading to many other countries
reflected the novel challenge and the latent risk ahead. Vaccines are expected
to provoke spillover benefits to the public health and the healthcare system if
they are accessible for the general public especially for vulnerable and
under-served populations 42.

Not only has the COVID-19 pandemic impacted the routine primary
immunization services worldwide, but also the booster vaccination.
The debate on COVID-19 vaccine equity and priority remained ever since. The
administration of a third dose is motivated by concerns of variants and
immunity waning. Consistent findings on compromised vaccination services
highlighted the global pervasiveness of disruption of essential health services
and the urgency of improvement 43. In settings where dose supply is being
challenged, prioritizing vulnerable individuals who are at appreciable risk and
receipt of no vaccine would render greater benefits than otherwise. Partial
gain might be obtained from booster vaccination, however, it will not
outperform the benefits of prioritizing partial protection to the most
vulnerable and unvaccinated currently. If vaccines were deployed where they
need the most, they could advance the eradication of the pandemic by
inhibiting the risk of more variants. WHO has called for a moratorium on
boosting until the benefits of primary vaccination have been made available to
more populations globally 19. Even with a limited protective effect, prioritizing
primary vaccination can reduce total cases and severe outcomes 44,45. Although
booster dose might not be the optimal option for the general population
presently, it might be of necessity as the extension of primary series for
specific target populations, immunocompromised individuals, and older
individuals particularly, whose risk of infection is higher46,47. Vaccine booster
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dose policy decisions need to be based on evidence of benefits both for
individuals and public health and obligations to secure global equity in
vaccine access as a mechanism to minimize health impacts and transmission,
and thereby reduce the risk of variants and prolongation of the pandemic48,49.
The vast majority of current infections and COVID-19 cases are observed in
unvaccinated individuals. New waves of variants were exacerbating the
public health crisis worldwide 50,40. Although the option of further reducing
the infections by enhancing immunity in vaccinated individuals is appealing,
decisions for this purpose need to be evidence-based and consider the benefits
and risks for both individuals and society 41,51. The decision to recommend is
complex and requires beyond clinical and epidemiological observation,
reflecting consideration of strategic priorities. In the current context, priority
needs to be given to the protection of more vulnerable populations and the
prevention of recurrence of cyclical outbreaks. Policymakers need to establish
clear criteria for applying booster vaccines in the population. The decision
needs to be based on immunological considerations, public confidence,
vaccine hesitancy, side effects, vaccine availability and coupled with
evaluations on specific disease control objectives 50.

Vaccine efficacy has been identified by observation data, but enhanced and
continuous surveillance is still required as long-term observation of the
dynamic is extraordinarily indispensable to inform efficacious
countermeasures of the pandemic. More evaluations regarding the safety
profile, immunogenicity, vaccine doses effect, and vaccination regimes are of
necessity to minimize adverse events 23. Prompt deployment, equitable
accessibility, and optimization of vaccination regimens to those who need the
most, all of which are preliminary to the efforts of vaccination programs.
Successful delivery of these efforts would contribute positively to the
eradication of the pandemic and resume back to normal activities globally 47.
Countries might forgo prioritizing the first doses approach due to concern
about lacking supporting clinical data or other reasons 32. Lessons from other
epidemics could provide insights and be integrated closely with communities
and existing services that are familiar and readily accessible to local residents
to improve the incentives of vaccination 18.

Globally, the overall supply of vaccines is growing but yet evenly distributed
across countries. Lower-income countries suffer less accessibility, and
vaccination is unpredictable and irregular 2. Considerations need to prioritize
the coverage of primary vaccination series to ensure partial immunity in these
settings. More data will be needed to understand the potential impact of
booster vaccination on the duration and strength of protection against
infection and transmission, particularly in the context of emerging variants.
Public health and countermeasures continue to be an essential component of
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the COVID-19 prevention strategy, especially in light of the Omicron-like
more infectious variants. In the global context of vaccine supply constraints
and imbalance, the administration of booster doses potentially exacerbates
vaccine access in countries with substantial vaccine coverage and diverting
supply from settings that have not yet completed the primary vaccination.
Particularly the currently available data show little evidence for widespread
use of booster vaccination at population level 51. Literature verified that the
primary-dose intervention strategy could decrease the size of pandemic 17,49.
.
COVID-19 vaccines will shape post-pandemic epidemiological trajectories and
characteristics of immunity. It is therefore imperative to determine the
strength and duration of protection and transmission-blocking immunity
through thorough clinical evaluations to enforce sound public policies 17. Gaps
remain in scientific understanding of the pathogen, and uncertainty regarding
COVID-19 persists 22.

It is of importance to note that the results of our study are derived with the
assumption of R = 2.3. Hence, in settings where the dynamics of epidemic
unfolds following a disparate pathway and where the pathogen and vaccine
present diversified traits assumed, the findings need to be calibrated and
refined. To reasonably interpret the findings, it is crucial to reflect the
limitations inherent in the analysis. Although we partially take into account
the dynamics of the transmission by calibrating a time-varying case, most of
the outcomes are based on deterministic models and time-invariant analysis,
which might be disparate from the stochastic variability in practice. We
conducted an extensive sensitivity analysis to show the degree of robustness
by incorporating potential confounding parameters. The unvaccinated
populations are accounted for in the model, but we did not explicitly
rationalize the potential heterogeneity within these populations. Further
stratified analysis may lead to refined findings. Although administration of
booster dose at the population level is not of priority currently subject to
resource limitations, it could be preferable to distribute locally booster dose at
the individual level with priority to immunity-compromised patients and
essential healthcare workers whose risk of being infected is considerably high.
Analysis indicated that antibodies against COVID-19 conferred by vaccines
were critical in disease prevention and recovery. Hence, long-term tracking
the dynamics of immunity can provide important insight, prognosis, and
control of COVID-19 46. Further studies are required to understand whether
heterogeneity of vaccination campaigns has rendered stratified containment
effects. The supply of vaccines is increasing over time but global supply
imbalance remains to be the challenge, the dynamics of prioritizing
vaccination strategy is to update as well. Evidence is accumulating to inform
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global recommendations of strategy, which may be refined as more required
data become available.

Our model-based evaluation highlights the merits of primary vaccination
strategies in simultaneously optimizing containment objectives (e.g., the
incidence of cases and severe infections). While there remains great
uncertainty regarding the effectiveness of vaccines, especially differences in
vaccine types, levels of service provision, and immunity waning dynamics,
there is evidence to suggest that the way vaccines are administered is crucial.
Finally, the simulation presented in this study can asymptotically provide
insights for other countries to identify optimized vaccine strategies
conditional on the availability of vaccines, stratified containment objectives,
vaccine-specific traits, dynamics of transmission, administration capacity, the
capacity of healthcare, public confidence, vaccine hesitancy and other
potential factors in practical implementation. The effectiveness of a COVID-19
vaccine will be shaped by the efforts on delivering as quickly to the
populations as possible 53. Coverage of vaccination to more populations to
ensure partial immunity rather than otherwise in the current context would
considerably impact the trajectory of the pandemic. The pathogen will not
cease mutation before the timely administration of effective, affordable, and
available vaccines to the public. When it is of difficulty to pinpoint the next
outbreak, the prioritization the world is taking as of today would be of
relevance 52.

Methods
Compartmental models. The model, schema, and assumptions employed
in this study share the same principal immuno-epidemiological structure (Fig.

1 and Fig. S1) proposed by Saad-Roy et al. 17 , extending the principal model

framework by incorporating the booster dose compartment, pathogen, and

transmission traits. The compartment PS denotes full susceptible individuals

who are not previously infected; SS stands for partially susceptible individuals

recovered from COVID-19 infection but exposed to risk again. PI , and SI
represent primary and secondary infections respectively from the

corresponding susceptibility compartment;
i

SS incorporates individuals

vaccinated with dose i and thereafter immunity protection wanes over

time;
iSI describes individuals being infected from compartment

iSS ;

iV includes individuals vaccinated with dose i ; VI portrays individuals being
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infected from compartment iV , and compartment R means recovery from

the infection. SRI denotes the incidence of severe infections of COVID-19.

To allow for heterogeneity in immune protection, dose administration rate,

and other potential confounding factors, we inherit epidemiological parameter

estimates from available literature and summarize them in Supplementary

Tables S1-S5. Given that estimates for the ratio of incidences and severe

infections fluctuate, we allow these parameters to vary across a plausible

range of scenarios.

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted January 23, 2022. ; https://doi.org/10.1101/2022.01.22.22269569doi: medRxiv preprint 

https://doi.org/10.1101/2022.01.22.22269569
http://creativecommons.org/licenses/by-nc-nd/4.0/


20

Data availability
No datasets were utilized in this modeling study. Parameter calibrations for
simulations were partially obtained from the literature and assumptions as
described in Supplementary Table S1-S5.

Code availability
All simulations and analyses were performed using R3.6.3, deSolve
package1.28, and dplyr package 1.0.6. Code to run models presented in this
paper is available upon reasonable request.
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