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Target populations for covid-19 vaccination based on
country specific characteristics and vaccine objectives
(maintaining essential core societal services; reducing
severe covid-19; reducing symptomatic infections and
stopping virus transmission).

MAIN OUTCOME MEASURE

Size of target populations for covid-19 vaccination.
Estimates use country specific data on population
sizes stratified by occupation, age, risk factors for
covid-19 severity, vaccine acceptance, and global
vaccine production. These data were derived from
a multipronged search of official websites, media
sources, and academic journal articles.

RESULTS

Target population sizes for covid-19 vaccination

vary markedly by vaccination goal and geographical
region. Differences in demographic structure,
presence of underlying conditions, and number of
essential workers lead to highly variable estimates of
target populations at regional and country levels. In
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WHAT IS ALREADY KNOWN ON THIS TOPIC

Ethical frameworks to guarantee fair allocation of coronavirus disease 2019
(covid-19) vaccines globally have been described in previous studies

One of these studies also modelled optimal vaccine allocation strategies for
different objectives using optimisation algorithms

Population sizes for covid-19 vaccination programmes targeting specific
demographics, occupations, or high risk people (such as essential workers and
those with pre-existing conditions) are needed

WHAT THIS STUDY ADDS

Target population sizes for covid-19 vaccination vary markedly by vaccination
goal and geographical region

Owing to geographical heterogeneity, regional and country specific allocation
strategies should be designed to maintain functional societies, minimise
covid-19 burden, and reduce severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) transmission

Estimates of target population sizes can guide relevant stakeholders in the
development of fair and equitable allocation strategies
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workers (63.0 million, 8.9%) and people with
underlying conditions (265.9 million, 37.4%); these
two categories are essential in maintaining societal
functions and reducing severe covid-19, respectively.
In contrast, South East Asia has the highest share of
healthy adults (777.5 million, 58.9%), a key target for
reducing community transmission. Vaccine hesitancy
will probably impact future covid-19 vaccination
programmes; based on a literature review, 68.4%
(95% confidence interval 64.2% to 72.6%) of the
global population is willing to receive covid-19
vaccination. Therefore, the adult population willing
to be vaccinated is estimated at 3.7 billion (95%
confidence interval 3.2 to 4.1 billion).

CONCLUSIONS

The distribution of target groups at country and
regional levels highlights the importance of
designing an equitable and efficient plan for vaccine
prioritisation and allocation. Each country should
evaluate different strategies and allocation schemes
based on local epidemiology, underlying population
health, projections of available vaccine doses, and
preference for vaccination strategies that favour direct
or indirect benefits.

Introduction
As coronavirus disease 2019 (covid-19) continues
to spread across the world, a total of 273 candidate
vaccines for covid-19 are in development and twelve
have entered phase III clinical trials as of 4 December
2020." Hopes are high to bring one or more vaccine
candidates to the market by the end of the year.
Despite 65.0 million cases reported so far,”> most
of the world population still remains susceptible.
Several seroepidemiological studies have reported low
seroprevalence of antibodies to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), in the range of
1.0-10.8%,>” although higher proportions have been
reported locally (eg, approximately 20% in New York
City, United States®). Therefore, a large demand for
covid-19 vaccines is expected during the next year.
Twelve covid-19 vaccine manufacturers have
announced their plans for vaccine production, with an
estimated capacity of approximately 10 billion doses
by the end of 2021.”* However, even in the highly
optimistic scenario that 10 billion doses are effectively
manufactured, with a two dose regimen (which is
planned for most current covid-19 candidates), the
existing annual production capacity* is too limited
to achieve herd immunity on a global scale (60-
80% of the world population’®). Therefore, defining
priority groups for vaccination is necessary. Important
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questions remain about equitable and efficient
distribution of covid-19 vaccines because many low
and middle income countries lack covid-19 vaccine
research, development, and production capacities.'®
To ensure equitable access to covid-19 vaccines,
COVAX (the vaccine pillar of the Access to Covid-19
Tools Accelerator) has been established, with global
cooperation to ensure availability to higher and lower
income countries.’” Additionally, because there will
probably be an initial period of vaccine shortage,
experts in the US'® ¥ and the United Kingdom'® have
developed country specific interim frameworks for
covid-19 vaccine allocation and distribution. However,
information is lacking about the number of vaccine
doses that each region and country needs, and this
could hamper equitable and efficient allocation and
distribution of covid-19 vaccines.

We wused the allocation frameworks proposed
by various international teams'® *%° to provide
global, regional, and national estimates of target
population sizes for covid-19 vaccination by priority
group. The vulnerability of each country to covid-19
is based on factors such as geographical location,
disease burden, the likelihood of an outbreak, and
the potential for severe covid-19 health impacts.
Population groups can be categorised into different
allocation tiers according to broad vaccine objectives.
The three vaccine objectives that have been
considered so far are (a) to maintain core societal
functions, (b) to minimise deaths, and (c) to reduce
transmission.’® '® 2° Estimates of target population
sizes based on these objectives can guide relevant
stakeholders in the development of fair and equitable
allocation strategies and inform local vaccination
programmes.

Methods

Definition of target populations for covid-19
vaccination

Werely on previously proposed international allocation
schemes for pandemic covid-19 vaccines that have
endorsed three fundamental objectives (fig 1)'¢15%°:

e To maintain essential core societal functions
during the covid-19 pandemic, such as essential
health services and food delivery

e  Toprotect people fromirreversible and devastating
harm, such as death and severe covid-19 that
causes long term organ damage (eg, lung, kidney,
and liver)

e To control community transmission, enabling a
return to baseline prepandemic economic and
social activities.

The first vaccine allocation scheme targets
essential workers, which extends beyond healthcare
workers.?! Essential workers might include, but
are not limited to, workers in the food industry and
domestic transportation, police and military staff who
maintain public safety, and workers who maintain
electricity, water, fuel, information, and financial
infrastructures.
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The second vaccine allocation scheme targets
people who might experience irreversible and
devastating harm from covid-19 (that is, admission
to hospital, admission to critical care, and death).
Target populations include people older than 65
years, those with high risk health conditions, and
those in close contact with people at very high risk of
poor outcomes (eg, staff in nursing homes and long
term care facilities).'® 2° We considered people with
the following underlying conditions: cardiovascular
disease, chronic kidney disease, chronic respiratory
disease, chronic liver disease, diabetes, cancer with
direct immunosuppression, cancer without direct
immunosuppression but with possible immuno-
suppression caused by treatment, HIV or AIDS,
tuberculosis (excluding latent infections), chronic
neurological disorders, and sickle cell disorders.?? We
also considered people older than 60 years without
any underlying conditions and pregnant women. Given
age specific susceptibility to SARS-CoV-2 infection,?®
we then reclassified people with and without
underlying conditions into different groups according
to their age: people aged 60 years or older with at
least one underlying condition; people younger than
60 years with at least one underlying condition;
people aged 80 years or older without any underlying
conditions; and people aged 60-79 years without any
underlying conditions.

A third possible vaccine allocation scheme focuses
on reducing SARS-CoV-2 transmission; in this case,
high transmission groups should be targeted.*® Target
populations include adults and children involved in
economic or educational activities who experience
higher risk of economic or educational harm from not
working or going to school. These adults and children
also have a higher probability of transmission when
going back to work or school because of their large
number of contacts.’’ *?° To reduce symptomatic
infections and to stop virus transmission, vaccination
should extend to all people younger than 60 years
without any underlying conditions. These people can
be further reclassified into three groups (aged 20-59
years, aged 5-19 years, and aged 0-4 years) on the basis
of their risk of transmitting the virus, and projected
economic harm from not working when considering
the adult groups.”>

Because children have not been eligible to participate
in phase III covid-19 vaccine trials conducted so far,
first generation covid-19 vaccines are less likely to be
licensed for children and this age group is unlikely
to be prioritised for immunisation. Accordingly, all
people younger than 20 years were excluded from
the main analysis and reported only in a sensitivity
analysis to provide a fuller picture of target population
sizes across the globe.

Data sources

To estimate the size of the priority groups for
vaccination by country, we extracted country specific
information from the following publicly available
sources covering the period 2013-20 (table S1):

doi: 10.1136/bmj.m4704 | BMJ 2020;371:m4704 | thebmj
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Target population for covid-19 vaccination

[

To maintain essential
core societal services

!

Healthcare workers (physicians,
nurses, and midwives)
Working in healthcare settings who
have the potential for exposure to
people with SARS-CoV-2
infection and to infectious materials

Police and military
Maintaining society functions and
national security, and experiencing
potentially greater risk of
SARS-CoV-2 infections due to
working location, crowded
living or working conditions

l

Staff working in energy, food,
and transportation sectors
Engaging in electricity, gas, water,
food, steam, air conditioning, and
accommodation supply;
participating in sewerage, waste
management, and remediation
activities; involved in domestic
transportation and storage

|

To reduce severe covid-19 disease

People aged =60 years with at

least one underlying condition

Experiencing an increased risk of
severe or fatal covid-19 due to
age and underlying conditions

People aged 60-79 years without
any underlying conditions
Experiencing an increased
risk of severe or fatal
covid-19 due to age

l

People aged =80 years without
any underlying conditions
Experiencing an increased
risk of severe or fatal
covid-19 due to age

People aged <60 years with at

least one underlying condition

Experiencing an increased risk of
severe or fatal covid-19 due to
age and underlying conditions

Pregnant women
Experiencing higher risk of being admitted to hospital and ending
up in an intensive care unit if they are infected with SARS-CoV-2

)

To reduce symptomatic infections
and to stop virus transmission

!

People aged 20-59 years without
any underlying conditions
Despite less serious illness, these
people need to be protected
because of their age alone.
The more people an adult
interacts with, and the longer
that interaction, the higher
the risk of spread

!

School aged children and young
people aged 5-19 years without
any underlying conditions
Despite less serious illness, school-
aged children need to be protected
because of their age alone.
They have the most contact with
others, and might become the main
spreaders of virus if schools reopen

|

Young children aged 0-4 years
without any underlying conditions
Priority to the most helpless is
based in part on the principle of
vulnerability and the ethical
principles of autonomy and
respect for people

Fig 1 | Priority groups for covid-19 vaccination. Covid-19=coronavirus disease 2019; SARS-CoV-2=severe acute respiratory syndrome coronavirus 2

¢  United Nations mid-year population estimates for
2020 for 194 WHO member states (and countries
or territories)

e  Size of the military populations from the World
Bank Group, supplemented by Baidu, Bing, and
Google search queries by using the term “military
size” and country name

e  Density of physicians, nurses, and midwives from
the World Bank and the World Health Organization

e Number of people working in the electricity, gas,
water, steam, and air conditioning sectors, and
food, accommodation, domestic transportation,
and storage industries by using census data on
economically active populations in 152 countries

e Age specific number of people at increased risk of
severe covid-19 from previous report by Clark and
colleagues.?

Two independent investigators applied the same
search procedure for crosschecking and compre-
hensiveness.

Multiple imputation of missing data

Up to 50 (25.8%) countries had missing values (table
S2 shows the completeness analysis) for the number
of essential workers who ensure basic life needs.
Therefore, we used a state-of-the-art multivariate
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imputation by chained equations algorithm?® to impute
missing values in the database. The number of multiple
imputations was set at five, with each imputation
running fiverealisations. For each of the five realisations
of imputed databases, we independently performed
regression analysis on the size of each essential
worker subgroup by using UN mid-year population,
gross domestic product per capita (current US$), and
UN geographical regions as covariates, which are key
determinants of such populations. We then considered
uncertainty in our computations by using five imputed
databases to obtain the mean predictive values and
95 percentile bootstrap confidence intervals based on
10000 bootstrap samples.

Estimates of target population for covid-19
vaccination

We obtained global and regional estimates of each
target population by summing the relevant population
groups stratified by vaccination goal in our full sample
of 194 countries. Country level estimates of target
population sizes are reported for 104 countries (5.8
billion people, 74.4% of the total population), with
complete data directly retrieved from official statistics.
We do not present national data for 90 countries; for
these countries, we either relied on multiple imputation
to infer some of the population strata (n=50 countries,
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Fig 2 | Global estimates of target population sizes for covid-19 vaccination by goal of

No of people (millions)

covering 1.3 billion people, representing 16.5% of
the world population) or we used non-official sources
for numbers of police and military staff (n=49, about
1.4 billion people, 18.2% of the world population).
However, police and military staff in those 49 countries
account for only 0.03-1.1% of the total population of
each country, and therefore have a limited impact on
global and regional estimates of target populations.

To avoid overlap between the essential workers
group and adults aged 20-59 years without any
underlying conditions, we subtracted those engaging
in essential work activities from the broader group
of healthy adults. Additionally, data on age specific
prevalence of underlying conditions were lacking for
11 countries. In the main analysis, we assumed that
the age specific prevalence of underlying conditions in
countries with missing data was the same as the WHO
regional average. Then, the number of people with and
without underlying conditions at a given age is equal
to the prevalence of underlying conditions multiplied
by the corresponding population size. The appendix
reports a sensitivity analysis in which we assume
that the number of people without any underlying
conditions corresponds to the total number of people
of that age, if no data exist.

Inasensitivity analysis, we considered the possibility
that countries might want to exclude people who have
a history of SARS-CoV-2 vaccination from priority
groups. Therefore, we collected data on the number
of people with covid-19 as of 10 November 2020 and
examined serology surveys. We found data on the
number of people who tested positive for SARS-CoV-2
by reverse transcription polymerase chain reaction
(n=182 countries) or serological assays (n=63) from

Goal 1
M Healthcare workers
Police and military
H Other essential workers
Goal 2
M People aged 260 years with at least one underlying condition
M People aged 280 years without any underlying conditions
| People aged 60-79 years without any underlying conditions
M People aged <60 years with at least one underlying condition
M Pregnant women
Goal 3
M Healthy adults (20-59 years)
School aged children and young people (5-19 years)
Young children (0-4 years)

Vaccine coverage:
60-80%

vaccination programmes. Covid-19=coronavirus disease 2019

4

published literature® and official reports (table S4).
The number of serologically confirmed cases in a
country was estimated as the seroprevalence of SARS-
CoV-2 multiplied by the corresponding population
size. Additionally, we ran two sensitivity analyses to
account for vaccine hesitancy and delivery issues. We
performed a meta-analysis to review willingness to
accept a covid-19 vaccine (see below) and we assumed
vaccination coverage of 60-80% according to previous
work.?’

Estimates of willingness to accept a covid-19
vaccine

To estimate the willingness of the population to accept
a covid-19 vaccine, we performed a systematic review
and meta-analysis. We queried PubMed, Embase, Web
of Science, and MedRxiv using the following terms:
“COVID-19 AND (accept* OR hesitancy OR attitude
OR preference).” We identified 30 relevant studies (fig
S1). We then used random effects models to estimate
the acceptance rate on national and regional scales.
For countries without reports on the acceptance
of a covid-19 vaccination, the acceptance rate was
assumed to be the same as the WHO regional average.

Estimates of covid-19 vaccine production capacity
We searched the web for information on the expected
production capacity of major pharmaceutical com-
panies currently running phase III vaccination trials.
We retrieved information from 12 companies (table S9)
and summed the reported capacities to obtain an upper
bound estimate of the vaccine production capacity,
standing at around 10 billion doses by the end of
2021. However, this figure is probably an overestimate
because it does not account for the following factors:
some vaccine candidates might not be licensed by the
end of 2021, some might be dropped owing to lack
of effectiveness, and production chains could suffer
unexpected delays.

Patient and public involvement
This research did not involve consultation with
patients or the public.

Results

Global prospective

We start by evaluating the full scope of a universal
vaccine programme that does not have priority groups.
The global target population would be 7.8 billion
people (fig 2). If young children (0-4 years) and school
aged children and young people (5-19 years) were
not initially prioritised or eligible for vaccination, the
target population would be 5.2 billion people (95%
confidence interval 5.1 to 5.2 billion; table 1).

By analysing and modelling national, regional, and
country specific data on occupation, demography, and
health conditions, we can parse out the total population
in different priority groups based on three main
vaccination objectives. If vaccines are preferentially
allocated to priority workers to help maintain societal
functions, the global target population is 258.3 million

doi: 10.1136/bmj.m4704 | BMJ 2020;371:m4704 | thebmj
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Table 1 | Estimates of target population sizes for covid-19 vaccination by goal of vaccination programme
WHO region (millions)

Eastern
All Africa Americas Mediterranean Europe Western Pacific South East Asia
Maintaining essential core societal services

Subtotal 258.3 25.4 44.5 31.9 63.0 58.8 34.8

(241.7 t0 279.7) (19.1t0 33.7) (41.91t0 47.5) (27.8t0 37.4) (62.2 t0 64.0) (58.7 t0 58.8) (31.9t038.2)
Healthcare workers 40.7 1.4 10.9 1.8 10.8 10.6 5.2
Police and military* 46.9 3.2 8.0 6.1 8.4 10.7 10.4
Other occupational 170.7 20.7 25.6 24.0 43.8 37.5 19.1

population

(154.1t0192.1)

(14.4t029.1)

(23.1t0 28.6) (19.9 t0 29.6)

(43.0to 44.8)

(37.4t0 37.5)

(16.2 t0 22.5)

Reducing severe covid-19

Subtotal 2145.0 206.3 301.9 158.2 345.7 626.2 506.8

People aged =60 years

with at least one 657.6 35.8 113.1 35.9 144.8 197.9 130.2

underlying condition

People aged =80 years

without any underlying 28.6 0.8 4.5 0.8 7.3 10.8 4.4

conditions

People aged 60-79 years

without any underlying 354.1 19.0 51.2 15.8 61.5 132.0 74.6

conditions

People aged 20-59 years

with at least one 962.7 111.6 118.2 87.0 121.1 262.8 262.0

underlying condition

Pregnant women 142.0 39.1 14.9 18.7 11.0 22.7 35.6
Reducing symptomatic infections and stopping virus transmissiont

Subtotal 2761.0 304.2 373.1 231.6 303.0 771.5 777.5

(2739.6 t0 2777.6) (295.9t0310.5) (370.1t0375.6) (226.1t0235.7) (302.0t0303.7) (771.5t0771.6) (774.1t0780.5)
Adults without conditions 2761.0 304.2 373.1 231.6 303.0 771.5 777.5
(2739.6 t0 2777.6) (295.9t0310.5) (370.1t0375.6) (226.1t0235.7) (302.0t0303.7) (771.5t0771.6) (774.1t0 780.5)

Total 5164.3 535.9 719.4 421.6 711.7 1456.5 1319.2

(5126.3 t0 5202.3)

(521.2t0 550.5)

(713.8t0725.0) (412.0to 431

.2) (710.0t0713.5)

(1456.4 to 1456.6)

(1312.9 to 1325.5)

Covid-19=coronavirus disease 2019.

Data are presented as means (95% confidence intervals) by using bootstrap method.
*Estimated number of people is based on 149 countries with available data.
tChildren and young people (aged 0-19) were not directly prioritised as a target population because they have not been recruited in any phase Il clinical trials of a covid-19 vaccine to date.

(95% confidence interval 241.7 to 279.7 million),
including 40.7 million (15.8%) healthcare workers,
46.9 million (18.2%) police and military staff, and
170.7 million (66.1%; 95% confidence interval
154.1 to 192.1 million; 63.8% to 68.7%) people who
maintain critical infrastructure and other important
services. This figure represents 5.0% (95% confidence
interval 4.7% to 5.4%) of the total population (table 1).

Among the 2.2 billion adults at risk of severe
covid-19 who need to be vaccinated to minimise
the health burden of covid-19 (approximately
41.5% of the total population), 1.6 billion people
(approximately 31.4% of the total population) had at
least one underlying condition, followed by those aged
60 years or older without any underlying conditions
(0.4 billion, 7.4%), and pregnant women (0.1 billion,
2.7%). The estimated size of the general population
aged 20-59 years without any underlying conditions is
estimated at 2.8 billion (approximately 53.5% of the
total population; table 1).

We emphasise that any vaccination programme is
not expected to reach 100% of the population owing to
several factors. In particular, if we assume that people
who have experienced a natural SARS-CoV-2 infection
might not be considered as a priority for vaccination,
the total target population decreases to 4.78 billion
(95% confidence interval 4.75 to 4.82 billion; table
S4). Vaccine hesitancy might be another important

thebmj | BMJ2020;371:m4704 | doi: 10.1136/bmj.m4704

factor. The result of our meta-analysis (which includes
30 papers) found that 68.4% (95% confidence interval
64.2% to 72.6%) of the population is willing to receive
covid-19 vaccination (fig S1). If we take this estimate
into account, the target population that is willing to be
vaccinated is estimated at 3.7 billion (95% confidence
interval 3.2 to 4.1 billion; table S5). Overall, by
considering vaccination coverage of 60-80%, which
includes the herd immunity threshold and vaccine
hesitancy estimates, the size of the target population is
3.1-4.1 billion people (table 2).

Regional perspectives
We observed geographical disparities in the share
of different target population groups across WHO
regions. If we consider the target for vaccination is
the entire population (no prioritisation by occupation
or risk group), South East Asia (1.3 billion, 25.5%)
and the Western Pacific (1.5 billion, 28.2%) together
account for 53.7% of the population to vaccinate. The
target populations across other regions are 10.4%
for Africa (0.5 billion), 13.9% for the Americas (0.7
billion), 13.8% for Europe (0.7 billion), and 8.2% for
the Eastern Mediterranean (0.4 billion; table 1).
Similarly, the size of the target population
to maintain essential societal functions varies
considerably by region. Highest concentrations are
in Europe (63.0 million people, 24.4%), the Western
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Table 2 | Estimates of target population sizes for covid-19 vaccination in 194 countries, assuming vaccination coverage of 60% and 80%

WHO region (millions)

Eastern
Vaccination coverage and goals of vaccination All Africa Americas Mediterranean Europe Western Pacific South East Asia
60%
Maintaining essential core societal services
Subtotal 155.0 15.2 26.7 19.1 37.8 35.3 20.9
Healthcare workers 24.4 0.8 6.5 1.1 6.5 6.4 3.1
Police and military* 28.1 1.9 4.8 3.7 5.0 6.4 6.2
Other occupational population 102.4 12.4 15.4 14.4 26.3 225 11.5
Reducing severe covid-19
Subtotal 1287.0 123.8 181.1 94.9 207.4 375.7 304.1
FeErals el T il el s e 394.6 215 67.9 215 86.9 1187 78.1
underlying condition
People gged zSQ years without any 172 05 27 05 Wi 6.4 26
underlying conditions
Esgglrfyfngggof]%}zgnyfars withoutany 2125 114 30.7 9.5 36.9 79.2 44.8
Eﬁﬁﬁfy?ng;foﬁ%}fignyem Wit it et e 577.6 67.0 70.9 52.2 72.7 157.7 157.2
Pregnant women 85.2 23.5 8.9 11.2 6.6 13.6 21.4
Reducing symptomatic infections and stopping virus transmission
Subtotal 1656.6 182.5 223.9 139.0 181.8 462.9 466.5
Adults without conditions 1656.6 182.5 223.9 139.0 181.8 462.9 466.5
Totalt 3098.6 321.5 431.6 253.0 427.0 873.9 791.5
80%
Maintaining essential core societal services
Subtotal 206.6 20.3 35.6 25.5 50.4 47.0 27.8
Healthcare workers 32.6 1.1 8.7 1.4 8.6 8.5 4.2
Police and military* 37.5 2.6 6.4 4.9 6.7 8.6 8.3
Other occupational population 136.6 16.6 20.5 19.2 35.0 30.0 15.3
Reducing severe covid-19
Subtotal 1716.0 165.0 241.5 126.6 276.6 501.0 405.4
Eﬁgglrfy?nggeg;%?ﬁyoe:rs it e et o 526.1 28.6 90.5 28.6 115.8 1583 104.2
Peopllg aged =80 years without any underlying 229 06 36 06 58 36 35
conditions
PEEPR R (B0 70 PRl TlOUT Ly 283.3 15.2 41.0 12.6 49.2 105.6 59.7
underlying conditions
rstpllearod 20-52) e tiiih 6 st eine 770.2 89.3 94.6 69.6 96.9 210.2 209.6
underlying condition
Pregnant women 113.6 31.3 11.9 15.0 8.8 18.2 28.5
Reducing symptomatic infections and stopping virus transmission
Subtotal 2208.8 243.4 298.5 185.3 242.4 617.2 622.0
Adults without conditions 2208.8 243.4 298.5 185.3 242.4 617.2 622.0
Totalt 4131.4 428.7 575.5 337.3 569.4 1165.2 1055.4

Covid-19=coronavirus disease 2019.

*Estimated number of people is based on 149 countries with available data.
tChildren and young people (aged 0-19) were not directly prioritised as a target population because they have not been recruited in any phase Il clinical trials of a covid-19 vaccine to date.

Pacific (58.8 million people, 22.8%), and the Americas
(44.5 million people, 17.2%; table 1 and fig 3, fig 4,
fig 5). The size of the population at high risk of severe
covid-19 and those to vaccinate to contain covid-19
are highest in the Western Pacific (1.4 billion) and
South East Asia (1.3 billion).

The size of age specific target population groups also
varies markedly across regions. Few people are older
than 80 years in Africa while a considerable proportion
live in Europe and North America (fig S2). The working
age population accounts for a substantially larger
proportion of the total population than other target
populations in all regions. Additionally, the proportion
of people younger than 20 years is relatively high in
Africa compared with other regions (fig S2).

If people with a history of SARS-CoV-2 infection
are excluded from vaccine priority groups, regional

differences become more accentuated. The largest
decrease in the number of doses needed is found in
Europe relative to the base scenario (table S4).

National perspectives

Here we focus on 104 countries with high quality
data collected from official reports, covering 74.4%
(5.8 hillion) of the world population. Sizable
heterogeneity emerges in the distribution of different
target population groups, ranging from 1000 to 1.4
billion people (figs S3, S4 and table S7). National
estimates of the size of target populations suggest that
six countries—China, India, the US, Pakistan, Brazil,
and Nigeria—have the largest share of the total target
population (fig 6 and figs S3, S4). In contrast, countries
in Africa and the Eastern Mediterranean account for a
relatively low share (figs S5, S6 and figs S7, S8).
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Fig 3 | Geographical distribution of member states by World Health Organization region

When we consider country specific willingness to be
vaccinated, geographical disparities in the distribution
of target population sizes do not substantially change
(table S8). We also found that the target population
that maintains essential core societal function, based
on our definition, is more predominant in middle and
high income countries (fig 6 and fig S7). Moreover, we
observed between country variations in the size of the
target population to reduce severe disease or to contain
SARS-CoV-2 transmission, with 14.1% (1.1 billion)
and 30.1% (2.3 billion), respectively, of the total world

Goal 1
M Healthcare workers
Police and military
B Other essential workers
Goal 2
M People aged 260 years with at least one underlying condition
M People aged 280 years without any underlying conditions
M People aged 60-79 years without any underlying conditions
= People aged <60 years with at least one underlying condition
= Pregnant women
Goal 3
M Healthy adults (20-59 years)
School aged children and young people (5-19 years)
Young children (0-4 years)

I P
. .
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WHO regions

Fig 4 | Regional estimates of target population sizes for covid-19 vaccination by goal of
vaccination programmes. Covid-19=coronavirus disease 2019
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population found in China, India, the US, Japan, and
Brazil (fig 6, fig S8).

For the 11 countries lacking data on age specific
prevalence of underlying conditions, our estimates
of the target populations were robust to changes in
modelling assumptions (table S4 v table S6).

Discussion

We identified target population groups according
to three different goals of covid-19 vaccination
programmes aimed at maintaining essential societal
functions, minimising severe disease, and interrupting
transmission. We quantified the size of each target
group on a global, regional, and country level.
Important variations were observed in the amount
of vaccines needed depending on the goals of the
vaccination programme, and the distribution of target
populations was found to vary within and between
regions. In particular, we estimate the demand for
vaccines would be high for essential workers and
high risk populations with health conditions, with the
second group accounting for 27.7% (2.2 billion) of the
total world population.

Implications of findings

By assuming a two dose vaccine schedule, we estimate
that approximately 15.6 billion doses of covid-19
vaccines will be required by the 194 WHO member
states for a universal covid-19 vaccination programme
(table S4), and 10.3 billion for targeted occupational
or high risk groups. Twelve covid-19 vaccine manu-
facturers have announced that about 10 billion doses
will be available by the end of 2021 (table S9). In the
most optimistic scenario that this figure is actually
reached, it would take about six to seven months to
produce enough vaccines to achieve herd immunity
by protecting at least 60-80% of the world population
(4.7-6.2 billion). Even if manufacture of candidate
vaccines is going smoothly, this is just the first step
in a long process to deliver vaccines to populations,
and other monumental challenges will be faced (eg,
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estimates of number of people that need to be vaccinated to contain transmission.
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logistics, cold chain, and administration of vaccines).
International and national supply chains will probably
limit the worldwide and nationwide distribution of
covid-19 vaccines. WHO reports that vaccine wastage
amounts to approximately 50% every year, often
because of inadequate temperature control of the

supply chains.”® Therefore, substantial investment
is needed to strengthen international and national
supply chains, especially to guarantee the distribution
of vaccines in rural and remote communities in many
developing countries.

A sufficient level of vaccine acceptance in any
given country or region will be needed to reach herd
immunity and prevent community spread of SARS-
CoV-2. As exemplified by other vaccine preventable
diseases (eg, the 2019 measles outbreak in the US%),
vaccine hesitancy could hamper the beneficial effects
of vaccination campaigns.’®° Based on our meta-
analysis of recent surveys, an estimated 68.4% (95%
confidence interval 64.2% to 72.6%) of the world
population is willing to receive covid-19 vaccination,
although this estimate will probably change over
time as incidence increases or decreases. Although
our meta-analysis highlighted regional differences in
acceptance of covid-19 vaccines, these differences did
not substantially influence our estimates on a regional
level. However, such differences could play a larger
role on a national (or subnational) scale.

In a scenario of limited vaccine availability at the
beginning of a covid-19 vaccination programme,
the same barriers would apply to all target groups,
but vaccination of targeted occupational or high risk
groups will probably be more feasible than the general
public without any underlying conditions. These
groups together comprise an estimated 2.5 billion
people in the 194 WHO member states. Disparities in
availability and distribution of covid-19 vaccine within
and between regions should also be borne in mind.
These disparities will result in different durations of
vaccination programmes owing to global limitations
in vaccine production, supply capacity, and market
forces. For example, in countries with sufficient local
capacity for vaccine production and supply to meet the
national demand (eg, the US and China), vaccination
of a substantial proportion of priority groups could be
achieved in a few months. However, the process could
last much longer in low and middle income countries,
which have lower capacity to secure and deliver
vaccines.’ Ongoing challenges remain in bringing a
covid-19 vaccine to the market alongside endorsements
of needs based allocation principles.'® *® 2° One of the
biggest challengesisthelack ofaprocedural governance
mechanism to enforce these allocation principles on a
global level. To a large extent, access to the vaccine will
be determined by market mechanisms and altruism
rather than central planning. Therefore, as efforts
to bring covid-19 vaccines to the market progress,
international institutions, national governments, and
manufacturers need to work out vaccine allocation
plans and negotiate affordable prices.>?

In addition to the direct benefits of vaccination
(protection of vaccinated people from infection, reduc-
tion in illnesses, and mortality rates), prioritisation
should also balance the indirect benefits of a vaccine
programme that reduces virus circulation in a
community because vaccinated people are less likely
to be infected and transmit the virus.>! In particular,
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indirect benefits might be important to protect
people older than 65 years who are at increased
risk of severe disease and also possibly less likely
to be directly protected by vaccination because of

Maintain essential core societal services

Population
count
(million)
144
81
136
9

0

Reduce severe covid-19

X

immune senescence.>? Therefore, the effectiveness of
different vaccine candidates against infection, severe
disease, and transmission should be considered when
designing a vaccination programme if several vaccines

Reduce symptomatic infections and stop virus transmission

Fig 6 | Estimates of target population sizes for covid-19 vaccination programmes in 104 countries with robust data
on occupation and high risk groups by goal of vaccination programme. Upper panel: target populations to maintain
essential core societal services; middle panel: target populations to reduce severe covid-19; lower panel: target
populations to reduce symptomatic infections and stop virus transmission. Empty cells represent lack of data on

target populations. Covid-19=coronavirus disease 2019
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become available concomitantly. For instance, a
highly effective vaccine against severe disease could
be administered to shield essential workers and
the most vulnerable groups, maintain a functional
society, and lower covid-19 burden. At the same time,
a less effective vaccine against infection could still be
distributed to the general adult population and might
contribute to reaching the herd immunity threshold.

We were unable to collect data on population
stratified by occupation in 25.8% (n=50) of the
countries considered. Excluding these data from the
analysis would lead to the exclusion of a substantial
proportion of the total population (around 0.86
billion people, 11%), and would make it difficult to
understand global heterogeneity in the distribution of
each target population. Therefore, we included these
countries in regional and global estimates, and used an
imputation algorithm.?® Unlike other approaches that
use values imputed from average numbers, however,
this algorithm considers uncertainty in the missing
values by creating several different plausible imputed
datasets from their predictive distribution (based on
the observed data). Variability between the imputed
datasets can be considered, and average estimates
can be obtained.*> This approach gives more robust
estimates of the size of the target populations on local,
regional, and global scales.

Limitations of study

A few limitations of the study should be highlighted.
Firstly, lack of timely data for 2020 constrains
estimates of population sizes in many countries.
However, the distribution of target occupational and
high risk groups is probably stable over a few years.
Secondly, we could not explore variations in target
populations within countries. Policy makers should
investigate and discuss actual vaccine allocation
plans when more local data become available in their
country. Thirdly, owing to unavailability of data, we
could not provide estimates of the size of the target
population among other essential workers (eg, people
working in the finance and economy sector) or estimate
target population sizes by other demographic factors,
such as racial and ethnic groups, which are reported to
be risk factors for covid-19 and adverse outcomes.>* >
Additionally, given the relatively low prevalence
of underlying conditions among essential workers
younger than 60 years (5.8%, 95% confidence interval
5.7% to 6.1%),>® we did not subtract these essential
workers with underlying conditions from the broader
group of adults with underlying conditions.

Another key question when planning covid-19
vaccination programmes is whether people with a
confirmed history of SARS-CoV-2 infection should be
included in priority groups. Currently, the duration
and level of protection after natural SARS-CoV-2
infection remain unclear. Inclusion or exclusion
criteria for eligible participants in clinical trials of
candidate covid-19 vaccines are still heterogeneous,
with some including people with a history of infections

(table S10). In practice, excluding people with a
history of SARS-CoV-2 infection might generate
logistic and ethical challenges because serological
screening would be required and the accuracy of the
test should be taken into consideration. As the number
of people with covid-19 continues to mount globally,
the outbreak trajectory in the coming months will
depend on individual countries’ intervention policies
and reactive population behaviour, both of which are
unpredictable. Deprioritising people with a confirmed
history of SARS-CoV-2 infection could substantially
reduce the number of doses required for vaccination
programmes, at least in the early stages. Discounting
previous infections will become more sizable over time
as the numbers of people with covid-19 accumulate.

Finally, it is important to emphasise that the priority
groups considered in this study represent a starting
point and will probably evolve. Priority groups could
be updated as the pandemic progresses and more
evidence is collected about the epidemiology of
covid-19 and its effect on society. For instance, new
pre-existing conditions might be added to the existing
risk factors for severe SARS-CoV-2 infection, therefore
expanding the number of people considered to be most
vulnerable. The same could apply to essential workers
as new essential services might be identified to keep
society running as the pandemic enters its second
year. Such dynamic changes in priority groups might
be even more important if the goal of the vaccination
programme is to limit SARS-CoV-2 transmission. For
example, at the onset of the pandemic, older students
did not appear to be major players in spreading the
infection, while more evidence is accumulating to
show that they could partially contribute to amplifying
community transmission.>”

Conclusions and policy implications

Findings from this study provide an evidence base for
global, regional, and national vaccine prioritisation
and allocation. Variations in the size of the target
populations within and between regions emphasise
the tenuous balance between vaccine demand and
supply, especially in low and middle income countries
without sufficient capacity to meet domestic demand
for covid-19 vaccine. This study presents a strategy for
vaccine allocation based on three main goals, which
should be considered as a general framework when
discussing and evaluating plans. Other additional
factors such as availability of vaccines for initial
distribution, epidemiological situation, and vaccine
hesitancy should be taken into account by individual
countries to refine allocation plans.
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