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Abstract

As a result of the COVID-19 pandemic, whether and when the world can reach herd immun-
ity and return to normal life and a strategy for accelerating vaccination programmes constitute
major concerns. We employed Metropolis—Hastings sampling and an epidemic model to
design experiments based on the current vaccinations administered and a more equitable vac-
cine allocation scenario. The results show that most high-income countries can reach herd
immunity in less than 1 year, whereas low-income countries should reach this state after
more than 3 years. With a more equitable vaccine allocation strategy, global herd immunity
can be reached in 2021. However, the spread of SARS-CoV-2 variants means that an add-
itional 83 days will be needed to reach global herd immunity and that the number of cumu-
lative cases will increase by 113.37% in 2021. With the more equitable vaccine allocation
scenario, the number of cumulative cases will increase by only 5.70% without additional vac-
cine doses. As SARS-CoV-2 variants arise, herd immunity could be delayed to the point that a
return to normal life is theoretically impossible in 2021. Nevertheless, a more equitable global
vaccine allocation strategy, such as providing rapid vaccine assistance to low-income coun-
tries/regions, can improve the prevention of COVID-19 infection even though the virus
could mutate.

Introduction

Due to the persistence of the global outbreak of coronavirus disease 2019 (COVID-19), addres-
sing the trade-off between containing the pandemic and returning to normal pre-COVID-19
life has become increasingly urgent [1, 2]. One solution to this dilemma is international
cooperation with respect to vaccination [3]. As a result of the ongoing COVID-19 vaccination
programmes, plans for returning to normal life are being implemented in a few countries. For
example, the USA aimed to vaccinate 70% of adults by 4 July 2021 (achieved by 2 August [4])
with the goal of resuming social and economic activities similar to those of the pre-pandemic
period [2]. The US economy is expected to show 6.4% growth in 2021, and this expectation
conveys strong confidence in containing the pandemic and avoiding recession [5].
Vaccinated visitors were welcome to travel to the European Union in the summer of 2021,
and unconditional free population movement among its member states was allowed [6].
However, due to the limited supply and inequitable allocation of vaccines, the rollouts of
COVID-19 vaccines in most low-income countries are largely out of sync with those in high-
income countries. By 12 September 2021, 76% of the 50 richest countries had administered
more than 100 vaccine doses per 100 people, whereas 66% of the 50 poorest countries had
not yet administered 10 doses per 100 people. This inequitable allocation of vaccines appears
to be worsening because some countries with high vaccination rates have decided to offer
COVID-19 booster vaccinations in the next few months [7].

The point at which humans can return to normal pre-COVID-19 life depends mainly on
the emergence of global herd immunity. Although high vaccination rates can guarantee herd
immunity, risks remain. Countries with high vaccination rates should be highly aware of the
uncontrolled spread of the virus in other parts of the world. In addition, SARS-CoV-2 variants,
i.e. the Delta variant, can reduce the effectiveness of the vaccines by 88% [8] to 66% [9]. As of
24 August 2021, cases of the Delta variant [10] had been reported in a total of 163 countries,
particularly the USA, and the proportion of infections caused by the Delta variant was higher
than 97% [11]. Whether virus variants might ultimately result in compromised herd immunity
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Fig. 1. Five compartments of the SIRV model and their relationships with the parameters.

remains unclear. Thus, when and how the world will reach herd
immunity and the potential barriers in the path to normal life
are unknown.

In this study, to determine possible perspectives on the global
COVID-19 pandemic, we conducted a modelling study using a
series of scenarios based on the current vaccination strategy, a
more equitable vaccine allocation strategy and different levels of
vaccine effectiveness for SARS-CoV-2 variants. Our objective
was to study whether the world can reach herd immunity and
return to normal life in the coming years and, if so, at what
cost. Furthermore, we discuss the implications of effective inter-
ventions to protect against this infectious disease.

Methods
Epidemic model

SIR-type models have been widely used for modelling the dynam-
ics of the COVID-19 epidemic. We propose a susceptible-
infected-removed-vaccinated (SIRV) model (Fig. 1) involving a
two-dose vaccination strategy that is formulated as follows:

S)=1Q—a) x[N,—I(t—1)—R(t—1)— V(t—1)]

iy s
dR(t) )

V(t) = V](t— 1) X r + Vz(t— 1) X 13
Qt)=ax [N, —I(t—1)—R(t—1)— V(t —1)]

where S(¢), I(t), R(t), V(t), Q(t), N and N, represent the suscep-
tible, infected, removed, vaccinated, quarantined, total and active
populations, respectively. The active population N, denotes the
people who have the ability and are willing to contact others dur-
ing all stages of the pandemic lifecycle. The parameter o denotes
the protection proportion, and f and y denote the rates of contact
and removal, respectively. All parameters were estimated using an
estimation method based on Metropolis—Hastings (M-H) sam-
pling. S(t) and Q(t) are determined based on « in view of the
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control measurements. V(¢) and V,(t) are the numbers of people
administered one dose and two doses, respectively, and r; (ran-
ging from 45% to 55% for SARS-CoV-2 and from 34% to 44%
for the Delta variant) and r, (ranging from 85% to 95% for
SARS-CoV-2 and from 60% to 80% for the Delta variant) are
the corresponding levels of vaccine effectiveness. The ranges of
r, are in accordance with the effectiveness of the vaccines against
SARS-CoV-2 and the Delta variant [8, 9].

Although the vaccine expiration date is important for the
quantitative prediction of the SARS-CoV-2 dynamics, the relevant
data remain in the research phase [12]. Thus, this factor does not
qualitatively affect our results, particularly in 2021. Long-lived
immunity should not have an impact on the vaccine effectiveness
included in Eq. (1).

Herd immunity

Herd immunity refers to the sum of naturally acquired immunity
and vaccinated immunity, which can govern the transition from
COVID-19 to endemicity. In our study, the ratio of herd immun-
ity to the total population is defined as h = [I(¢) + R(t) + V(#)]/N,
where I(t), R(t), V(t) and N are as in Eq. (1). The numbers of peo-
ple who need to be vaccinated and to have recovered from
COVID-19 to reach herd immunity are unknown. The exact
value of h is currently unclear, and the model-based percentage
of a population has been estimated to range from 60% to 90%
[1] or can even equal approximately 43% through naturally
acquired immunisation in an age-structured population [13].
The ratio equals 60% based on the basic reproduction number
R, of COVID-19, which equals 2.5 according to a report pub-
lished in February 2020 by the World Health Organization-
China Joint Mission on COVID-19 [14]. In this study, we used
a higher herd immunity ratio of 70% to ensure a strong immuno-
logic barrier.

Parameter estimation

We used M-H sampling [15, 16] to trace the dynamics of the epi-
demic model shown in Eq. (1). Using the true infection data as
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Fig. 2. Flowchart of the implementation of epidemic forecasting based on the SIRV model and Metropolis-Hastings sampling. Parameter estimation is driven by the
daily confirmed cases and the numbers of vaccinations administered at 2-week intervals. The optimal parameters are directly incorporated into the SIRV model to

predict the dynamics of the infected and vaccinated populations.

the reference Q, the posterior distribution of the unknown para-
meters 6 conditioned on Q is P(0|Q) « P(Q2|0)P(6), where P(6) is
the prior parameters and P(Q|60) is the likelihood function. M-H
sampling is a typical Markov chain-Monte Carlo (MCMC) algo-
rithm used to calculate the intractable P(6|Q) parameter.

In our study, the sampling space comprises three parameters
(protection proportion ¢, contact ratef and removal rate y) and
the active population N,. The corresponding sampling ranges in
the SIRV model are a€[0.01, 1], S€[0.0001, 0.5], y€
[0.000001, 0.1] and N, € [1, N]. Note that these figures should
be suitable for modelling all countries/regions; thus, the exact
ranges depend mainly on experience, and the algorithm might
take more time to search for optimal parameters.

Data source

This study was driven by epidemic data collected from the dash-
board [17] of the Center for Systems Science and Engineering
(CSSE) at Johns Hopkins University and the official website of
Our World in Data [18]. The gross national income per capita
data are based on the World Bank list of economies published
in June 2020. We propose the timetable to reach herd immunity
under the current phase of the pandemic and the numbers of vac-
cinations administered (biweekly averaged data from 30 August
2021 to 12 September 2021) and assume that the corresponding
control measurements are invariant.

Design of the experiments

The general framework of the real-world experiment for one
country is presented in the flowchart in Figure 2. This flowchart
consists of two parts. The first part involves parameter estimation
based on M-H sampling. Here, the daily confirmed cases and cur-
rent vaccinations administered are regarded as references for M-H
sampling. A sample of parameter vectors according to uniform
distributions in the sampling space is selected to determine
whether it can be accepted according to the references. After suf-
ficient samples are obtained, a covariance of the parameters is
generated to formulate a normal proposal distribution in the
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sampling space. The optimal parameters are then collected within
this normal distribution. In the forecasting part of the flowchart,
the SIRV model is implemented using the optimal parameters,
and the time of vaccination termination is defined at the time
at which all members of the susceptible populations had received
two doses of a vaccine.

As shown in Figure 2, the daily confirmed cases and current
vaccinations administered serve as the inputs for the real-world
experiment, and the outputs include three parts. The date of
herd immunity is recorded if the herd immunity ratio is reached,
i.e. the proportion of infected, recovered and vaccinated popula-
tions is higher than 70%. The total infected population is the
sum of I(¢) and R(t), and the total vaccine doses are equal to
Vi) + Vy(t) x 2.

The same flowchart applies to the more equitable vaccine allo-
cation scenario, and we use a loop to adjust the daily average rate
of vaccination; i.e. if the date of herd immunity for one country is
later than 31 December 2021, the vaccination strategy in the next
loop adds an additional 1/30 of the current doses; otherwise, the
same number of doses is subtracted. The loop terminates when
the date of herd immunity is 31 December 2021.

Model of the vaccine efficacy level

To achieve herd immunity goals, the total number of vaccine
doses is estimated using Eq. (2):

V =2F/r (2)
where V is the total number of vaccine doses, the number 2 indi-
cates that the study involves a two-dose vaccination strategy, F is
the fully vaccinated population, and r is the efficacy level of the
vaccine. Equation 2 can be used to calculate the demands for vac-
cines with different efficacy levels.

Cumulative case-to-vaccine dose ratio

This ratio is calculated as abs[(TV — CC)/TV], where TV denotes
half of the total vaccine doses required, CC denotes the number of
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cumulative cases (Table S2), and abs is the absolute value func-
tion. A ratio ~1 indicates that herd immunity is reached mainly
through vaccination; otherwise, infected people account for a sig-
nificant proportion of the immune population. We use this ratio
to identify countries with both severe pandemic situations and a
limited vaccine supply.

Results
Scenario of current administered vaccinations

We first investigate the perspective of the global COVID-19 pan-
demic caused only by SARS-CoV-2, which means that the vaccine
effectiveness against the virus after full vaccination is approxi-
mately 90%. This test follows the flowchart presented in
Figure 2, and the timetable for reaching global herd immunity
(Table S1) records the corresponding outputs for each country/
region. According to the current vaccinations administered, the
results show that only 61 countries will have reached herd immun-
ity by the end of 2021 (Fig. 3a). In contrast, 58 countries — most of
which are in Africa, South America, Eastern Europe and South and
Southeast Asia — may face more than 3 years of vaccine shortages.
The economic evidence shown in Figure 4a suggests more obvious
heterogeneity among the countries/regions with different income
groups. Most high-income countries can reach herd immunity in
less than one year, but in low-income countries, the severe impacts
of COVID-19 are likely to persist for years to come. The total
required vaccine doses and the cumulative cases by the end of
2021 equal 890 billion and 261.01 million, respectively.
Countries with larger infected populations, such as yin Figure 4a,
usually need fewer vaccine doses than countries with smaller
infected populations but experience more deaths. A few countries
with high incomes but low vaccination rates, such as @ in
Figure 4a, may largely show delayed global herd immunity because
these countries are deeply engaged in global economic integration.
This fragmented timetable suggests that global herd immunity may
not occur for another 3 years.

However, in the absence of an adequate vaccine supply and of
an appropriate allocation of vaccines, modelling studies are likely
to be counterfactual. According to one optimistic projection,
worldwide vaccine production will reach 16.47 billion doses in
2021 [19], but the actual annual production may be only approxi-
mately 10 billion doses. In addition, people with severe disease,
low income and high-risk occupations (including frontline
healthcare workers, security guards and transportation workers)
should be prioritised for COVID-19 vaccination [20]. The conclu-
sion that optimal vaccination for older people can minimise
deaths and enhance the effectiveness of vaccines for younger peo-
ple may change in an age-structured population [21]. Currently,
country-level prioritisation for COVID-19 vaccines needs to be
advocated.

Scenario of equitable vaccine allocation strategy

Ideal vaccine allocation at the country level aims to accelerate the
timetable for reaching global herd immunity. In accordance with
the experimental design presented in section ‘Design of the
experiments’, the modelling study reveals that, based on the
homogeneous population assumption, if the 10 billion doses are
allocated evenly, all countries could reach herd immunity by the
end of 2021 (Fig. 3b, Table S2). Compared with the results
shown in Figure 3a, the total number of required vaccine doses
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and cumulative cases in the ideal scenario are 17.88 billion
(at least 10.95 billion doses are required if all countries/regions
no longer administer vaccines after reaching herd immunity)
and 238.82 million, respectively, by the end of 2021. This scenario
indicates that vaccines are adequately allocated and that up to
22.19 million people are protected from the disease, which further
implies that together with a more equitable allocation, the intro-
duction of the remaining 18.72% of vaccines could contribute to a
9.29% reduction in infections. The evidence presented in Figure 4
shows that the average date of herd immunity decreases from 443
to 100 days, which suggests that the timetable is also substantially
accelerated.

This scenario further suggests how COVID-19 vaccines should
be prioritised at the country level. Because the countries/regions
shown in deep red in Figure 3c have great potential to accelerate
their achievement of herd immunity, providing sufficient vaccines
to low-income countries — most of which are in Africa, South
America, Eastern Europe, and South and Southeast Asia -
could considerably reduce the time needed to achieve global
herd immunity.

Figure 5a uses the cumulative case-to-vaccine dose ratio pre-
sented in section ‘Cumulative case-to-vaccine dose ratio’ to fur-
ther demonstrate the intensity of the epidemic worldwide.
Dozens of countries/regions have severe pandemic situations,
which means that these countries are likely to reach herd immun-
ity mainly through naturally acquired immunisation. Therefore,
these countries are in great need of rapid vaccine assistance to
control the spread of the disease.

Scenario of SARS-CoV-2 variants

Even if global herd immunity is reached, the COVID-19 pan-
demic may not be contained soon. Virus mutations, for example,
the SARS-CoV-2 Delta variant (B.1.617.2) [22], may negatively
affect vaccine efficacy and naturally acquired immunity [23, 24].
If the effectiveness decreases from 90% to 80%, 70%, 60% and
50%, an additional 27.78%, 35.71%, 47.62% and 66.67% vaccine
doses will be necessary, as determined using Eq. (2) presented
in section ‘Model of the vaccine efficacy level’, and the epidemic
dynamics in Eq. (1) indicate that 1, 13, 31 and 49 more days
(Fig. 5b), respectively, will be needed to reach herd immunity.
In this synthesis test, we assume that 1% of the population is vac-
cinated each day and that the initial infected population is 5 per 1
million people. The numerical values in this synthesis test may
change according to the parameters in Eq. (1).

We now assess the perspective of the global COVID-19 pan-
demic caused by the Delta variant, which means that the vaccine
effectiveness against the virus after full vaccination is approxi-
mately 70% (see the changes in the vaccine effectiveness levels
in Eq. (1)). In the real world, an additional 52 countries/regions
will likely take more than 3 years to reach herd immunity, and
an additional 83 days will be required on average for countries
to reach herd immunity in less than 3 years. Compared with
the results obtained for the analysis of the pandemic due only
to SARS-CoV-2, the number of total cumulative cases by the
end of 2021 in the presence of virus mutations might increase
by 113.37%, reaching 556.91 million. If a more equitable vaccine
allocation is implemented, the total number of required vaccine
doses equals 17.82 billion (at least 13.70 billion doses are needed
if all countries/regions no longer administer vaccines after reach-
ing herd immunity) by the end of 2021. This calculation implies
that global herd immunity is theoretically impossible in 2021
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Fig. 3. Timetable for herd immunity in 191 countries/regions. The timetable based on the current vaccinations administered (a) demonstrates that 58 countries/
regions may face more than 3 years of vaccine shortages, and that based on a more equitable vaccine allocation strategy (b) demonstrates that all countries/
regions could reach herd immunity by the end of 2021. Figure (c) shows the time span between (a) and (b).
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because the number of required vaccine doses is markedly higher
than the annual production. Compared with the pandemic caused
only by SARS-CoV-2, although no additional vaccine doses are
required, the number of cumulative cases increases by only
5.70%, reaching 252.43 million. This non-significant growth
proves that equitable global vaccine allocation can play a key
role in saving lives in the COVID-19 pandemic, even though
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the virus mutates and thereby reduces the effectiveness of the

vaccines.

Discussion

Under the current vaccination administration strategy, low-
income countries may need more than 2 years to reach herd
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immunity, in contrast to the results obtained for high-income
countries. If a more equitable vaccination strategy is executed,
the world might reach herd immunity in the first half of 2022
as vaccine production expands. However, devastating virus var-
iants may ruin the prospect of a rapid return to normal life.
Decreases in the vaccine effectiveness lead to a higher probability
of breakthrough COVID-19 infections; i.e. fully vaccinated people
are not completely immune and become more susceptible [25].
The timetable of global herd immunity is therefore seriously
delayed and fraught with uncertainty. A return to normal life
was considered possible before the Delta variant arose.
However, our study implies that, even in theory, human society
cannot reach global herd immunity by the end of 2021. In fact,
humans might find it difficult to achieve global herd immunity
if no new vaccine with higher efficacy is produced or if a new
SARS-CoV-2 variant with ultrafast transmissibility proliferates
worldwide.

However, we further conclude that the introduction of a more
equitable vaccine allocation strategy can contribute to non-
significant growth in infections during all stages of the pandemic
lifecycle. This model-informed study not only suggests the pro-
spect of a rapid end to the COVID-19 pandemic but will also
benefit decision-making regarding global vaccination administra-
tion, i.e. providing rapid vaccine assistance to low-income coun-
tries/regions can substantially accelerate the achievement of
herd immunity and a return to normal life.

Although our scenario-based analysis suggests that the date of
global herd immunity can be advanced, the ideal vaccination strat-
egy included in the simulation is difficult to achieve in view of the
current vaccine allocation strategy and vaccine hesitancy [26, 27].
Manageable disease occurs long after the achievement of herd
immunity. High population flows could still lead to regional or
even global outbreaks [28], which means that the rapid restoration
of normal multilateral movements is impossible. Additionally, reach-
ing global herd immunity will require deliberate policies. An equit-
able allocation of vaccines led by an authority (such as COVAX)
could help promote the rapid achievement of global herd immunity.
Moreover, although we suggest that a more equitable allocation
could save many lives, vaccination is not the only way to contain
the COVID-19 pandemic in the presence of virus variants and
reduced vaccine effectiveness [27, 29, 30]. To save lives and
accelerate global herd immunity, we recommend a more equitable
vaccine allocation strategy, avoidance of overconsumption, prohibi-
tions on vaccine hoarding and speculation, caution against the
overrelaxation of control measures, and the provision of financial
and medical assistance to low-income countries.

It is worth noting that this study has several limitations. (1)
We provide a global model of the COVID-19 pandemic based
on a series of homogeneous assumptions, including epidemic
dynamics among the population without classification by age or
occupational risk and the same vaccine effectiveness for different
countries (even though effectiveness is a random value obtained
over a specified interval). These homogeneous assumptions can
be further improved by advanced technologies such as contact
networks or agent-based models or by conducting a study with
finer-grained settings. (2) The predictions for a couple of years
also have significant uncertainty because the predictability of an
outbreak usually decreases over an increasing time scale. (3)
This study also does not consider booster shots and vaccine expir-
ation dates, both of which may have impacts on vaccine effective-
ness, but the exact real values remain unclear. We believe these
two factors generally cannot qualitatively affect the final results
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of the COVID-19 pandemic in 2021 because only a minority of
people will be offered booster shots or experience reduced effect-
iveness in 2021. (4) The end of the quarantine period, which may
have significant impacts on the final results, is not considered in
Eq. (1). Determining when to end quarantine is mainly depend-
ent on the public health policy, which varies among countries
and among the pandemic phases. To compensate for this deficit,
we used an alternative strategy of estimating the quarantined
population each day in the epidemic model. (5) Similarly, the
exchange ratio between the quarantined and susceptible popula-
tions is also intrinsic in our model because both of those popula-
tions originate from the active population according to the
time-dependent protection proportion. (6) The results may vary
with the data acquisition time because the vaccinations adminis-
tered are always changing.

Conclusions

The ongoing vaccination rollout speeds worldwide vary among
countries/regions and based on the existing socio-economic
inequalities. Additionally, SARS-CoV-2 variants have arisen and
spread globally, which leads to the waning of herd immunity
and a delay in the return to normal life. We conducted a model-
ling study to reveal that a more equitable COVID-19 vaccine allo-
cation could accelerate the achievement of global herd immunity
and prevent more susceptible populations from being infected.
Based on the actual annual vaccine production, the study further
shows that global herd immunity is theoretically impossible by the
end of 2021 even if a more equitable allocation strategy is imple-
mented because the Delta variant reduces the vaccine effectiveness
levels. Currently, returning to a normal pre-COVID-19 life is dif-
ficult, and herd immunity could easily fade as SARS-CoV-2 var-
iants hint at a maximum risk. Comprehensive risk assessments
and prevention plans are also critical for global herd immunity
and sustained economic recovery. This study advances the scien-
tific understanding of vaccine allocation, the fight against the
spread of virus variants and the path to normal life.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0950268822000139.
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