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Given the scarcity of safe and effective COVID-19 vaccines, a chief policy question is how to allocate them
among different sociodemographic groups. This paper evaluates COVID-19 vaccine prioritization strate-
gies proposed to date, focusing on their stated goals; the mechanisms through which the selected alloca-
tions affect the course and burden of the pandemic; and the main epidemiological, economic, logistical,
and political issues that arise when setting the prioritization strategy. The paper uses a simple, age-
stratified susceptible–exposed–infectious–recovered model applied to the United States to quantitatively
assess the performance of alternative prioritization strategies with respect to avoided deaths, avoided
infections, and life-years gained. We demonstrate that prioritizing essential workers is a viable strategy
for reducing the number of cases and years of life lost, while the largest reduction in deaths is achieved by
prioritizing older adults in most scenarios, even if the vaccine is effective at blocking viral transmission.
Uncertainty regarding this property and potential delays in dose delivery reinforce the call for prioritizing
older adults. Additionally, we investigate the strength of the equity motive that would support an allo-
cation strategy attaching absolute priority to essential workers for a vaccine that reduces infection-
fatality risk.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As of February 2021, the novel coronavirus disease 2019 (COVID-
19) has caused more than 2.5 million deaths globally [1] and trig-
gered a major recession, with the global economy shrinking by an
estimated 4.4% in 2020 [2]. Given the substantial economic, social,
emotional, andmental health costs of non-pharmaceutical interven-
tions (e.g., social and physical distancing, mask-wearing, and eco-
nomic lockdowns), vaccinating a large proportion of the
population is considered the best strategy to address this crisis.
The race to develop safe and effective COVID-19 vaccines has pro-
ceeded at an unprecedented pace [3]. In less than a year, more than
300candidatevaccineshavebeendeveloped,withapproximately80
candidates currently in clinical trials and11alreadyapproved for full
or restricted use in several countries, including Canada, China,
Russia, the United Kingdom, and the United States [4].

Despite the approval of multiple vaccines, widespread availabil-
ity and access is not anticipated for at least several more months.
The limited supply of vaccine doses at the beginning of the vacci-
nation campaign has raised the question of how best to allocate
them among sociodemographic groups. Although vaccine prioriti-
zation strategies under constrained resources have previously been
established for other outbreak pathogens (e.g., pandemic H1N1
influenza in 2009 [5] and Ebola in 2013–2016 [6]), several charac-
teristics of COVID-19 preclude adoption of these pre-existing
frameworks. First, unlike with other respiratory infectious dis-
eases, children have low susceptibility to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2, the virus that causes
COVID-19) infection [7] and low infection-fatality risk [8],
although contagiousness in children varies across variants [9].
Therefore, the commonly used strategy of prioritizing children in
vaccine allocation [10] (due to either high risk of severe conse-
quences or high risk of transmission to others) may be suboptimal
for COVID-19y. In addition, approved COVID-19 vaccines have not
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yet been adequately tested in children. Second, older adults are at
high risk of death from COVID-19 but tend to have fewer social inter-
actions than younger individuals, especially with the implementa-
tion of social distancing. In contrast, individuals involved in
activities essential for pandemic control and the functioning of soci-
ety are exposed to a significantly higher risk of infection. Finally, the
pandemic has exacerbated pre-existing health and economic inequi-
ties, with disproportionate rates of death and severe infection among
ethnic minorities and socioeconomically disadvantaged groups
[11,12]. Over-representation in essential jobs, socially determined
high prevalence of comorbid conditions, and increased likelihood
of living in crowded, intergenerational housing among these groups
contribute to these disparities [13].

Many countries have issued or are developing guidelines for
COVID-19 vaccine prioritization strategies. These guidelines gener-
ally aim to maximize overall good in consideration of both health-
and non-health-related outcomes while accounting for the specific
epidemiological characteristics of the pandemic (e.g., age differ-
ences in transmission and mortality rates). Many of the guidelines
also seek to be sensitive to equity concerns related to pre-existing
health and economic conditions as well as pandemic-specific dif-
ferential health and economic impacts across sociodemographic
groups. A highly debated issue is whether essential workers should
be prioritized over older adults and individuals with serious med-
ical conditions, despite the fact that the latter groups are at consid-
erably higher risk of severe COVID-19-related illness and death
[14]. Factors supporting the prioritization of essential workers
include their key role in viral transmission due to their relatively
high rates of interpersonal contacts and social justice concerns
given that a large proportion of essential workers are from socio-
economically disadvantaged and vulnerable populations.

In this paper, we develop an age-stratified susceptible–exposed–
infectious–recovered (SEIR) model that differentiates individuals
(via contact rates under social distancing) based on their essential
worker status. We employ the model to investigate the optimal
ranking of alternative vaccine prioritization strategies for minimiz-
ing the total number of COVID-19 infections, the number of deaths,
or the number of years of life lost over the full course of the pan-
demic. The model is applied to the United States. We find that prior-
itizing essential workers minimizes the number of infections, and, if
the vaccine is sufficiently effective at blocking transmission, this
strategy also minimizes the number of years of life lost. Prioritizing
essential workers minimizes the number of deaths in scenarios in
which the pandemic is well-controlled, for example, there is a low
number of active infections when the vaccine is distributed or
non-pharmaceutical interventions are sufficiently stringent to curb
transmission. However, in most scenarios, prioritizing the elderly
yields the largest reduction in the number of deaths, even with a
vaccine that is effective at blocking viral transmission. Uncertainty
about this property and potential delays in the delivery of vaccine
doses reinforce the call for prioritizing the elderly.

Further, we evaluate the strength of the equity motive required
to support prioritization strategies that do not necessarily maxi-
mize the selected health objective. In particular, given that many
essential workers belong to vulnerable populations, a social justice
argument exists for assigning them increased weight in any prior-
itization strategy [15]. We find that an equity weight of greater
than six would have to be assigned to essential workers in compar-
ison with the elderly in order to support the prioritization of essen-
tial workers when the vaccine does not curb transmission.

This paper builds on and extends the growing literature on
COVID-19 vaccine prioritization strategies. Previous papers have
predominantly employed age-stratified deterministic SEIR models
and focused on the trade-off between prioritizing high-contact
individuals versus high-risk individuals [16–21]. In contrast, an
agent-based model was adopted by Chen et al. [22]. Several studies
925
have included essential workers in their models and considered
the relative benefits of vaccinating essential workers prior to vac-
cinating older adults [23,24]. Epidemiological differences accord-
ing to age and occupation were also considered by Babus et al.
[25] in a model lacking infection dynamics; the main result of this
study was that older individuals with high-risk occupations should
be vaccinated first. Moore et al. [26] considered the trade-off
between vaccination of older adults and individuals with comor-
bidities in the United Kingdom and concluded that the former
should be prioritized. Some studies have also focused on behav-
ioral changes associated with non-pharmaceutical interventions
or fear of infection and the potential relevance of these changes
to vaccine prioritization strategies [27–29]. Finally, Castonguay
et al. [30] examined the issue from a spatial perspective and rec-
ommended targeting of regions with low initial infection burden.

We contribute to this literature by examining the relative
importance of a set of variables in the ranking of socio-
demographic groups (including essential workers). These variables
include speed of vaccine rollout, initial epidemiological conditions,
strength of non-pharmaceutical interventions, and uncertainty
over the ability of the vaccine to curb transmission. The main novel
contribution of our paper is the analysis of equity weights. The
paper is structured as follows: Section 2 discusses prominent
guidelines that have been proposed for COVID-19 vaccine alloca-
tion, focusing on the underlying ethical goals and their application;
Section 3 describes a modeling exercise calibrated to the US popu-
lation and associated results; and Section 4 summarizes our
conclusions.
2. Evaluation of proposed guidelines for COVID-19 vaccine
allocation

Table 1 summarizes selected national-level guidelines that have
been proposed for COVID-19 vaccine allocation [31–37]. Most
guidelines share the ethical objectives of promoting some form
of overall good (e.g., individuals’ aggregate well-being or cumula-
tive health and non-health benefits) and social justice, often in
the form of preferring vaccine allocation strategies that prevent
harm to the worst-off, however defined. Other social justice con-
siderations include equal concern for all individuals, reducing
health disparities, and promoting fairness.

All guidelines recognize the importance of preserving popula-
tion health and concur that the foremost aim of an optimal vaccine
allocation strategy should be to maximize health outcomes. This
translates into selecting prioritization rules that avert, for example,
the largest numbers of deaths, cumulative infections, or severe dis-
ease cases, depending on the relative importance attributed to
nonfatal health conditions and potential long-term sequelae. Two
key epidemiological factors determine the variation in these
population-wide health outcomes depending on which sub-
groups are targeted for vaccination: ① the infection and transmis-
sion rates for individuals in each group (i.e., the probability of
being infected by the virus and transmitting it), and ② the proba-
ble severity of health outcomes given an infection in each group
(e.g., the infection-fatality risk or probability of severe symptoms).

Older adults and individuals with serious medical conditions
are at greatest risk of severe health outcomes from COVID-19,
while essential workers are at greatest risk of infection and subse-
quent transmission because of their relatively high number of
interpersonal contacts during the pandemic. Targeting the latter
for vaccination will undoubtedly prevent the greatest number of
cumulative infections. However, if the primary goal is to prevent
deaths or severe infections, a potential trade-off exists between
prioritizing high-severity-risk individuals versus high-contact
ones. If the administered vaccines are able to block transmission



Table 1
Selected guidelines for COVID-19 vaccine allocation.

Proposal/organization Ethical principles Goals Prioritization

US National Academies of
Sciences, Engineering, and
Medicine [31]

� Maximum benefits
� Equal concern
� Mitigation of health
inequities

� Procedural principles
of fairness, trans-
parency, and evi-
dence-based

� Reduce severe morbidity, mortality, and
negative societal impact due to the
transmission of SARS-CoV-2

Phase 1a (5% of the population): high-risk health
workers and first responders
Phase 1b (10% of the population): people of all ages with
comorbid and underlying conditions that put them at
significantly higher risk; older adults living in
congregate or overcrowded settings
Phase 2 (30%–35% of the population): K–12 teachers,
school staff, and childcare workers; critical workers in
high-risk settings (e.g., food-processing facilities); all
older adults; individuals of all ages with health
conditions that put them at moderately higher risk of
severe COVID-19 disease; people in homeless shelters,
group homes for individuals for disabilities, and
correctional facilities, and the staff working in those
settings
Phase 3 (40%–45% of the population): young adults and
children; workers in industries and occupations
important to the functioning of society and at increased
risk of exposure
Phase 4: everyone else
Within each specified population group (e.g., ‘‘all older
adults” or ‘‘critical workers in high-risk settings”), a
vulnerability index, such as the Centers for Disease
Control (CDC). CDC’s Social Vulnerability Index, should
be used to identify and prioritize geographic areas that
have attributes that are associated with increased
vulnerability to severe COVID-19 outcomes.

Johns Hopkins Center for Health
Security [32]

� Promote the com-
mon good

� Treat people fairly
and promote equity

� Promote legitimacy,
trust, and sense of
ownership in a plu-
ralistic society

Tier 1: individuals at greatest risk of severe illness and
death and their caregivers; people essential to
sustaining the ongoing COVID-19 response; individuals
most essential to maintaining core societal functions
Tier 2: people at elevated risk of infection; individuals
essential to broader health provision and to maintaining
other essential services; individuals with least access to
healthcare

US Centers for Disease Control
and Prevention interim
guidelines, December 22,
2020 [33]

� Maximize benefits
and minimize harms

� Mitigate health
inequities

� Promote justice
� Promote
transparency

� Decrease death and serious disease as
much as possible

� Preserve functioning of society
� Reduce the extra burden the disease is
having on people already facing
disparities

� Increase the chance for everyone to
enjoy health and well-being

Phase 1a: healthcare personnel and residents of long-
term facilities
Phase 1b: frontline essential workers and adults 75+
Phase 1c: adults with high-risk medical conditions;
adults 65+; other essential workers

UK Joint Committee on
Vaccination and
Immunisation [34]

None stated � Main goal: prevent COVID-19 mortality
and protect health and social care staff
and systems

� Secondary goal: protect those at
increased risk of hospitalization and
exposure and maintain resilience in
essential public services

(1) Residents in a care home for older adults and their
caretakers
(2) All those 80 years of age and over and frontline
health and social care workers
(3) All those 75 years of age and over
(4) All those 70 years of age and over and clinically
extremely vulnerable individuals
(5) All those 65 years of age and over
(6) All individuals aged 16 years to 64 years with
underlying health conditions that put them at higher
risk of serious disease and mortality
(7) All those 60 years of age and over
(8) All those 55 years of age and over
(9) All those 50 years of age and over

World Health Organization
(WHO) COVID-19 Vaccine
Global Access Facility
(COVAX) guidelines [35]

None stated � Protect public health and minimize soci-
etal and economic impacts by reducing
COVID-19 mortality

(1) Each country gets doses in proportion to its
population, at the same rate (until every country has
vaccinated 20% of the population)
(2) After the first 20% is vaccinated, allocation is based
on country need
(3) The first 3% of doses goes to frontline workers in
health and social care settings
(4) The first 20% must cover high-risk adults (elderly,
adults with comorbidities)

WHO Strategic Advisory Group
of Experts on Immunization
Values Framework [36]

� Enhance well-being
� Equal respect
� Global and national
equity

� Reciprocity
� Legitimacy

� Contribute significantly to the equitable
protection and promotion of human well-
being

High risk of severe disease and death; high risk of being
infected; high transmission risk; vulnerable groups at
risk of disproportionate burden; those who bear
significant additional risks and burdens of COVID-19 to
safeguard the welfare of others (e.g., health workers and
essential workers)

COVAX is an initiative coordinated by the WHO, Gavi, the Vaccine Alliance, and the Coalition for Epidemic Preparedness Innovations to support the research, development,
and manufacturing of COVID-19 vaccine candidates and to promote the fair distribution of vaccines among participating countries.
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of SARS-CoV-2, prioritizing high-contact individuals may be the
optimal strategy despite their lower risk of severe health sequelae
compared to high-severity-risk individuals.

Most published guidelines prioritize high-severity-risk individ-
uals (e.g., older adults and individuals with comorbidities) during
the early stages of vaccine allocation. One exception was the initial
guidelines issued by the US Centers for Disease Control and
Prevention, which prioritized essential workers over older adults
and those with pre-existing conditions, with the exception of older
adults living in long-term care facilities [37]. On December 22,
2020, these guidelines were partially revised in favor of adults aged
75 years and older and frontline essential workers (e.g., first
responders, educators, and grocery store workers), with the latter
representing a narrower category than all essential workers [38].

Uncertainty regarding the effectiveness of existing COVID-19
vaccines in blocking transmission provides additional rationale
for prioritizing older adults over high-contact individuals if the pri-
mary goal is to minimize the number of deaths [39]. Indeed, clini-
cal trials to date have focused on the efficacy of candidate vaccines
in preventing cases of COVID-19 among vaccinated individuals as
their primary endpoints and have not assessed the candidates’ effi-
cacy in preventing secondary infections. Alternatively, any uncer-
tainty regarding the effectiveness of COVID-19 vaccines in older
individuals provides support for prioritizing essential workers.

Of note, the definition of ‘‘essential worker” is not uniform
across guidelines. For instance, in the United Kingdom, only front-
line health and social care workers are prioritized based on their
work responsibilities. The definition of ‘‘essential” provided by
the US Department of Homeland Security (DHS) is broader and
encompasses all individuals with a high risk of exposure and those
with occupations that are considered crucial for the functioning of
society (including healthcare workers, grocery store clerks, educa-
tors, accountants, and engineers). Based on this definition, nearly
70% of the US workforce is considered essential [40].

Most guidelines explicitly appeal to the principle of maximizing
overall benefits (as opposed to only direct health benefits, such as
reductions in COVID-19 deaths or infections). Nevertheless, indi-
rect health and non-health considerations are often overlooked in
the concrete recommendations. In principle, at least four such out-
comes could affect the selection of the optimal vaccine prioritiza-
tion strategy. First, the need to preserve health system capacity
encourages prioritization of essential workers involved in health-
care activities. Second, permitting certain workers to return safely
to their workplace has economic benefits, assuming that the work
cannot be effectively performed at home. For example, prioritizing
educators (and children) may promote in-person instruction,
thereby minimizing educational gaps with pre-pandemic genera-
tions and reducing the inequalities in learning between children
belonging to high and low socioeconomic groups. Prioritizing the
educational sector may also benefit other economic sectors
because relieving parents from childcare enables them to work
more hours and more productively. Third, specific vaccine alloca-
tions may disproportionately reduce the negative social and men-
tal health impacts of the pandemic—for example, by prioritizing
the elderly, who are particularly vulnerable to loneliness and isola-
tion due to their smaller social networks. Finally, different alloca-
tion strategies may entail different costs, depending on the
capacity of healthcare systems to deliver vaccines to various
sociodemographic groups (e.g., vaccinating children at school
may be easier than vaccinating other age groups) and on vaccine
properties (e.g., logistical constraints related to the cold chain
required by some vaccines may prevent widespread distribution
in remote or under-resourced areas).

In addition to maximizing health and non-health outcomes,
ethical considerations may support the prioritization of specific
sociodemographic groups. An often-cited ethical issue concerns
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differences in life expectancy. If accounting not only for the num-
ber of avoided deaths, but also for the life expectancy or health-
quality-adjusted life expectancy of those saved lives is considered
ethically justifiable, vaccinating the young and individuals without
serious medical conditions is more of a priority [41]. This may also
translate into prioritizing essential workers over the elderly or
individuals with comorbidities.

Most guidelines also highlight ethical concerns for prioritizing
the worse-off. Structural inequities in society have devalued cer-
tain lives, including those of racial and ethnic minorities or socio-
economically vulnerable populations. Moreover, these pre-existing
structural inequities have tended to compound the effects of
COVID-19 in affected groups, resulting in increased rates of infec-
tion and death among already worse-off populations. Therefore,
societal interest in not exacerbating (and perhaps even correcting
for) existing health, social, and economic inequities may call for
additional prioritization of vulnerable populations, beyond what
is called for by immediate health concerns.

Given that socioeconomically vulnerable populations are dis-
proportionately represented among essential workers, a social jus-
tice argument exists for prioritizing this group beyond
epidemiological reasons associated with the higher probability of
viral infection and transmission among high-contact individuals.
Although essential workers may not necessarily be at the highest
risk of severe health outcomes and death, prioritizing this group
in the allocation of COVID-19 vaccines will adjust for harms they
have experienced due to their vulnerable condition and mitigate
exacerbation of existing inequities. Additionally, prioritization of
essential workers in vaccine allocation may be ethically justifiable
based on reciprocity and compensation for their social contribution
during the pandemic.
3. Modeling exercise

3.1. Theoretical framework

We evaluated the impacts of alternative vaccine prioritization
strategies using a deterministic age-stratified compartmental
model. We divided the US population into nine age groups: 0–9,
10–19, 20–29, 30–39, 40–49, 50–59, 60–69, 70–79, and 80+ years
old. We further subdivided each of the 20–29, 30–39, 40–49, and
50–59 years old age groups into two subgroups based on the pro-
portion of essential workers, resulting in a total of 13 sociodemo-
graphic groups. Our definition of essential workers includes all
workers who are involved in activities considered ‘‘essential” by
the DHS [40] and are unable to work remotely. These essential
workers constitute 42% of the workforce and on average are less
educated, have lower wages, and are more likely to come from dis-
advantaged minority groups compared to the general workforce
[42]. The age stratification reflects both epidemiological and
behavioral (i.e., associated with social interaction patterns) differ-
ences; the main distinction between essential workers and the rest
of the population in the model is the ability to practice effective
social and physical distancing (i.e., reducing one’s number of
contacts).

For each sociodemographic group, the model tracks the follow-
ing health states: susceptible (S), exposed (E), infectious (I), recov-
ered (R), dead (D), vaccinated and potentially susceptible (V),
vaccinated and exposed (EV), and vaccinated and infectious (IV). A
schematic of this model is presented in Fig. 1. Model equations
and calibration details are presented in Appendix A. All individuals
are assumed to be initially susceptible (S) unless they have recov-
ered from an infection or have been effectively vaccinated. Recov-
ered individuals are considered immune to reinfection, and the
vaccine, if effective, confers immunity to the disease. Susceptible



Fig. 1. Diagram of the SEIR model with vaccination. The variables next to the arrows denote the probability of transitioning from one compartment to the next. Probabilities
marked with the superscript V may have been altered by vaccination. k and kV represent the probabilities of infection. cE is the probability of transitioning from the exposed to
the infectious state. cI is the probability of exiting the infectious states I and IV. / and /V represent the infection-fatality rates. NewV denotes the number of individuals
vaccinated in a single day.

y The basic reproductive number for COVID-19 (i.e., in a fully susceptible
population in the absence of any intervention) is reported to fall in the range of 2.0
to 3.0 [46]. For the purpose of our baseline analysis, we assumed that the
reproductive number during the vaccine rollout was 1.8, reflecting mild forms of
social and physical distancing.
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individuals transition to the exposed state E after contact with an
infectious person, provided that the contact transmitted the virus.
After a latent period, exposed individuals become infectious (I).
After an infectious period, they either recover (R) or die (D).

In each period, a proportion of individuals are vaccinated and
move from the susceptible to the vaccinated health state (with
NewV denoting the number of individuals vaccinated in a period).
For two-dose vaccines, such as the BioNTech (Germany)-Pfizer
(USA) and Moderna (USA) vaccines currently in use in the United
States, the transition from susceptible to vaccinated can be
interpreted as the moment when the second vaccine dose takes
effect (although, in reality, some protection is offered already after
the first dose [43,44]). We assumed three distinct effects of the
vaccine:

(1) The vaccine reduces the susceptibility rate of the vaccinated
individual, that is, the probability that the individual becomes
infected upon contact with an infectious individual. If the vacci-
nated individual is infected, then they transition to the exposed
state EV and, after a latent period, to the infectious state IV. A reduc-
tion in the susceptibility rate implies a reduction in the probability
of infection k, with kV � k. After an infectious period, the individual
either recovers or dies. If the vaccine is 100% effective at preventing
infection, then the probability kV of being infected and transition-
ing to the exposed state EV is zero.

(2) The vaccine reduces the infection-fatality rate / of the vac-
cinated individual, that is, the probability that the vaccinated indi-
vidual, once infected, transitions to the death state rather than the
recovered state. If the vaccine is 100% effective at preventing sev-
ere disease (death in this case), vaccinated individuals may still
be infected with SARS-CoV-2, but they will not experience further
health consequences.

(3) The vaccine reduces the infectiousness of the vaccinated
individual, that is, the probability that a vaccinated individual,
once infectious, transmits the virus to other individuals. If the vac-
cine is 100% effective at preventing transmission, vaccinated indi-
viduals may still be infected with SARS-CoV-2 and experience
severe health consequences from COVID-19 (represented by death
in the model), but they will not infect other individuals. This corre-
sponds to a reduction in k of other individuals.

A vaccine that reduces the risk of infection will reduce the num-
ber of deaths among vaccinated individuals compared to unvacci-
nated individuals and reduce the number of cases of transmission
from a vaccinated infectious individual compared to an unvacci-
nated infectious individual. A vaccine that only reduces the
infection-fatality rate does not prevent individuals from being
infected and transmitting the virus but will reduce the number
of severe infections among vaccinated individuals compared to
unvaccinated individuals. This type of vaccine only confers direct
benefits to vaccinated individuals but does not affect disease trans-
mission. Finally, the vaccine may be more effective at reducing the
risk of severe health consequences than transmission risk, inde-
pendent of its effects on initial infection risk.
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Modeling these three effects separately enables us to investi-
gate how the optimal allocation of vaccine doses varies according
to specific properties of the vaccine. Results from phase III clinical
trials have indicated that COVID-19 candidate vaccines are effec-
tive at protecting vaccinated individuals from clinical disease,
thereby reducing the fatality risk. However, the extent to which
approved vaccines reduce risk of infection (including asymp-
tomatic infection) and transmission is unclear [39,45]. Therefore,
in the main analysis, we focused on two types of vaccines:① a vac-
cine that reduces infection risk that, consequently, also reduces the
number of fatalities and transmissions and ② a vaccine that
reduces the risk of transmission and risk of death at different rates.

In the model, an individual’s age is correlated with their daily
number of contacts, their susceptibility rate, and their infection-
fatality rate. Older adults have fewer contacts on average. There-
fore, susceptible older adults are less likely to meet an infectious
person compared to younger individuals, and infectious older
adults have a lower probability of transmitting the virus to others.
However, both susceptibility to infection and infection-fatality rate
increase with age. Therefore, older adults are more likely to
become infected upon contact with an infectious individual and
to experience severe consequences.

We also assumed that essential workers have more contacts
than nonessential workers of the same age throughout the immu-
nization campaign (i.e., nonessential workers adhere to some form
of social and physical distancing). The number of social interac-
tions among children, adolescents, and older adults was also con-
sidered to decrease during the immunization campaign. We
employed mobility patterns based on cellphone data to calibrate
the reduction in contacts among nonessential workers and non-
working-age individuals (see Section S1, Tables S1 and S2 in the
Appendix A for details). Additionally, we assumed the implementa-
tion of non-pharmaceutical interventions (NPIs) (e.g., mask use)
that further reduce individuals’ susceptibility. To be conservative,
we assumed that NPIs were lenient in the baseline specification;
when combined with the impact of reduced contact rates among
children, adolescents, older adults, and nonessential workers, this
reduction in susceptibility resulted in a reproductive number of
1.8 [46]y.

Vaccine administration was assumed to occur at a constant
daily rate of 1% of the population. The first doses of the vaccine
were assumed to be administered in the middle of the pandemic,
when 15% of the population had already been infected, and the
number of active infections was equal to 1% of the population.
The corresponding numbers of daily infections and deaths in the
absence of vaccine distribution are presented in Fig. S1 in the
Appendix A. We also assumed that the vaccine was perfectly safe
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and that the distribution was independent of infection-acquired
immunity. This is a suboptimal but realistic feature of the vaccine
distribution process, accounting for a lack of widespread serologi-
cal testing and a cautionary approach due to uncertainty regarding
the duration of infection-acquired immunity.

We considered seven simple vaccine prioritization strategies:
① no age prioritization, that is, proportional allocation of the vac-
cine to all age groups according to the size of each group (‘‘age pro-
portional”); ② allocation of the vaccine to individuals aged
60 years and older first (‘‘elderly”), followed by proportional alloca-
tion to the rest of the population according to the size of each
group; ③ allocation to essential workers first independently of
age due to their high-contact rate (‘‘essential workers”), followed
by proportional allocation to the rest of the population according
to the size of each group; ④ allocation to children and teenagers
first (‘‘youth”), followed by proportional allocation to the rest of
the population according to the size of each group; ⑤ allocation
to essential workers first and elderly second, followed by the rest
of the population (‘‘essential/elderly”); ⑥ allocation to the elderly
first and essential workers second, followed by the rest of the pop-
ulation (‘‘elderly/essential”); and ⑦ allocation to the elderly and
essential workers simultaneously, followed by the rest of the pop-
ulation (‘‘elderly & essential”). These seven strategies account for
the major sociodemographic differences in probability of infection
and disease severity. Further, these strategies highlight the trade-
offs between prioritization of individuals with the highest risk of
severe outcomes (the elderly) and those with the highest risk of
infection and transmission (essential workers).

We evaluated vaccine prioritization strategies based on three
health outcomes: number of infections, number of deaths, and
number of years of life losty. The number of infections is a crude
metric used to assess the overall impact of COVID-19, including mor-
tality, morbidity, hospitalizations, and costs to the healthcare system
and economy. The number of deaths accounts for the severity of
potential outcomes and places equal value on all deaths, regardless
of remaining life expectancy. The number of years of life lost
accounts for differences in the age of decedents, attaching higher
value to deaths in the young.
Fig. 2. Impact of a vaccine that is 90% effective at reducing infection-fatality risk as a fu
deaths and (b) the percentage reduction in years of life lost compared to a scenario w
eventually be vaccinated.

y Analysis based on the number of quality-adjusted years of life lost is presented in
Section S2 and Table S3 in the Appendix A, as no significant differences were observed
with respect to the number of years of life lost.
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3.2. Results

We first considered a vaccine that only produces direct effects
on immunized individuals by reducing the infection-fatality risk
but does not impact susceptibility or transmission rates. The health
outcomes of the seven alternative prioritization strategies as a
function of total vaccine supply when assuming the vaccine is
90% effective for all sociodemographic groups are summarized in
Fig. 2. The largest reduction in number of deaths compared with
that in a no-vaccination scenario was achieved when the elderly
were prioritized (‘‘elderly” or ‘‘elderly/essential”). For a goal of
reducing the number of years of life lost, the elderly would still
be prioritized, but the relative benefits of prioritizing the elderly
rather than essential workers decreased. Prioritizing individuals
younger than 20 years old was the least effective strategy for
reducing the numbers of deaths and years of life lost. Because
the elderly are at the highest risk of severe disease and death, a
vaccine that exclusively reduces the fatality risk conferred the
greatest benefit when the elderly were prioritized. However, when
decreasing life expectancy with age was factored in (i.e., using
years of life lost as a metric), prioritizing essential workers and
the elderly together was almost as beneficial as prioritizing the
elderly if vaccine supply was high. Given that the vaccine was
assumed to be distributed during the pandemic, at most 70% of
deaths and 60% of years of life lost could be averted�. Similar results
were observed for vaccines with lower effectiveness, although the
shares of lives and years of life saved were lower (Appendix A
Fig. S2).

If a vaccine reduces the susceptibility rate, it will also reduce
the number of fatalities and the rate of transmission. For a vaccine
90% effective at reducing infection risk, the largest reduction in
number of cases was achieved by prioritizing essential workers
due to their high contact rates (Fig. 3). Prioritizing the elderly or
children and adolescents yielded the least reductions in number
of infections due to the structure of social interactions (with the
elderly having few contacts overall and the young having relatively
few contacts outside of their age group, which is low-risk). For a
goal of reducing the number of deaths, prioritizing the elderly
nction of total vaccine supply. The y-axis represents (a) the percentage reduction in
ith no vaccine. The x-axis represents the percentage of the population that would

� Because the vaccine does not affect the risk of infection in this scenario, the
impact on the number of cases is minimal and stems from the difference in the
number of individuals that are alive (i.e., the more individuals that are still alive,
the lower the probability of encountering an infectious person for any given contact
rate and number of infections in the population, see Appendix A Fig. S2).



Fig. 3. Impact of a vaccine that is 90% effective at reducing infection risk as a function of total vaccine supply. The y-axis represents (a) the percentage reduction in cases,
(b) the percentage reduction in deaths, and (c) the percentage reduction in years of life lost compared to a scenario with no vaccine. The x-axis represents the percentage of
the population that would eventually be vaccinated.
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resulted in the largest reduction in number of deaths for most vac-
cine supply levels, even if the vaccine was effective at reducing
transmission risk and prioritizing essential workers would slow
down the pandemicy. However, if the vaccine supply was suffi-
ciently large, prioritizing both the elderly and essential workers
resulted in comparably large numbers of avoided deaths. In contrast,
for a goal of minimizing the number of years of life lost, the optimal
strategy for most vaccine supply levels was to prioritize essential
workers due to their younger average age. Similar patterns were
observed for lower vaccine effectiveness (despite a decrease in the
magnitude of benefits) and for vaccines that reduce both infection-
fatality risk and transmission risk equally rather than infection risk
(Appendix A Figs. S3 and S4).

Model results suggested that prioritizing the elderly was the
optimal strategy in most scenarios even if the vaccine were equally
effective at reducing the transmission risk and number of fatalities.
For a vaccine that is more effective at providing direct benefits
rather than indirect benefits via reduced transmission risk, priori-
tizing the elderly was the optimal strategy for any level of vaccine
supply if minimizing the number of deaths was the goal. For exam-
ple, for a vaccine that is 90% effective at reducing fatality risk but
less than 80% effective at reducing transmission, prioritizing the
elderly was the optimal strategy for any level of vaccine supply if
the goal was to reduce the number of deaths (i.e., the ‘‘elderly/
y If a hypothetical vaccine that was effective at preventing transmission but was
ineffective at preventing death existed (i.e., if vaccinated individuals could be infected
and experience severe health outcomes as much as unvaccinated individuals but were
less infectious than unvaccinated individuals), prioritizing essential workers would
lead to the largest number of avoided deaths.

930
essential” strategy averted more deaths than the ‘‘essential/elderly”
strategy, see Appendix A Table S4). For a goal of reducing the
number of years of life lost, any vaccine able to reduce transmis-
sion risk by more than 50% would provide the greatest benefit
when prioritizing essential workers (i.e., the ‘‘essential/elderly”
strategy averted more years of life lost than the ‘‘elderly/essential”
strategy). Similar patterns were observed for less effective vaccines
(Appendix A Table S4).

The expected impact of a vaccine that is 90% effective at
reducing fatality risk but with an uncertain impact on transmis-
sibility is presented in Fig. 4. Uncertainty was modeled as a
uniform probability distribution of the effectiveness at reducing
transmissibility between 0% and 90%. To compute the expected
reduction in number of deaths or years of life lost associated
with a given prioritization strategy and total vaccine supply,
we first determined the reduction in number of deaths and
years of life lost for the effectiveness of a specific vaccine at
reducing transmission risk, with effectiveness varying in
discrete 10-point increments from 0% to 90%. Thus, for each
prioritization strategy, we obtained a distribution of the reduction
in numbers of deaths and years of life lost, with one value for
each possible effectiveness level. We then obtained the average
reduction in the number of deaths and years-of-life lost across
all model runs, where each run was weighted equally because
of the uniform probability distribution assumption. With
uncertain transmissibility effects, prioritizing the elderly was
always the optimal strategy for maximizing the number of
averted deaths (Fig. 4).

The results of sensitivity analyses for several main model
assumptions are summarized in Fig. 5. For these analyses, we



Fig. 4. Expected impact of a vaccine that is 90% effective at reducing fatality risk but with uncertain effectiveness at reducing transmission risk as a function of total vaccine
supply. The y-axis represents (a) the average percentage reduction in the number of deaths and (b) the average percentage reduction in the number of years of life lost
compared to a scenario with no vaccine. Thus, a 50% reduction in deaths indicates that the allocation averts 50% of deaths on average. Uncertainty was modeled by assuming
that the effectiveness at reducing transmission risk was uniformly distributed between 0% and 90%. The x-axis represents the percentage of the population that would
eventually be vaccinated.
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selected minimizing the number of deaths as the outcome of
interest because this metric appears to be the most sensitive to
variations in vaccine properties. We considered a vaccine that is
Fig. 5. Sensitivity analysis: percentage reduction in the number of deaths for a vaccine th
total vaccine supply. (a) Age-dependent vaccine effectiveness: The vaccine was considere
year-old age groups, respectively. (b) Slow delivery of vaccine doses: 0.5% of the populati
the vaccine before the outbreak: The first doses were administered in the absence of infe
(d) Stronger NPIs: The reproductive number was equal to 1.3. The y-axis represents the
vaccine. The x-axis represents the percentage of the population that would eventually b
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90% effective at reducing infection risk but with no additional
impact on the risk of death or the risk of transmission for those
infected.
at is 90% effective at reducing infection risk in alternative scenarios as a function of
d 90%, 85%, 80%, 75%, and 70% effective for the 0–49, 50–59, 60–69, 70–79, and 80+
on was vaccinated daily, regardless of the total vaccine supply. (c) Administration of
ction-acquired immunity and with only one infection per sociodemographic group.
percentage reduction in number of deaths compared to that in a scenario with no
e vaccinated.



y Note that in our framework, varying the reproductive number is equivalent to
varying the (average) susceptibility rate, with contact rates kept constant.
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Vaccines (e.g., flu vaccines) are often less effective in older
adults because the immune systemweakens with age. We assessed
the impact of age-dependent vaccine effectiveness by assuming
that the vaccine is 90% effective at reducing susceptibility in indi-
viduals younger than 50 years old and that this effectiveness
diminishes by 5 percentage points for every 10 years among those
aged 50 years old and older (e.g., the vaccine is 20 percentage
points less effective for an 80-year-old than for a 20-year-old). In
this scenario, the relative benefits of prioritizing essential workers
were greater than under the scenario of uniform effectiveness.
Regardless, for large vaccine supply levels, prioritizing older adults
alongside essential workers remained the optimal strategy (Fig. 5(a)).
Additionally, we examined the implications of increasing the sus-
ceptibility rate in children and adolescents to the same level as
in adults (Appendix A Fig. S5(a)); this reflects growing evidence
of increased susceptibility in children and adolescents to certain
novel SARS-CoV-2 variants such as the B.1.1.7 variant. The relative
value of prioritizing the young and those with many contacts
increased, although no changes were observed in the main results
(i.e., prioritizing the elderly remained the optimal strategy). Simi-
larly, we investigated the implications of setting the infection-
fatality rate as an increasing function of the total number of active
cases to encapsulate potential excess mortality resulting from con-
straints in healthcare system capacity. This increased the total
number of deaths in the absence of vaccination, but no significant
change was observed in the priority ranking of alternative strate-
gies compared to the baseline scenario (Appendix A Fig. S5(b)).

We also considered the impacts of supply or logistical con-
straints in vaccine delivery; here, we assumed that only 0.5% of
the population could be vaccinated daily instead of 1%. The achiev-
able reduction in the number of deaths was lower than that in the
baseline scenario (60% of deaths could be averted instead of 70%).
Additionally, the slower pace of vaccination supported prioritiza-
tion of the elderly for any level of vaccine supply, owing to a mis-
match between the pace of the pandemic and the pace of vaccine
administration (Fig. 5(b)). Because the initial vaccine distribution
was in the middle of the pandemic, relying on the vaccine to delay
transmission became suboptimal if there were constraints in deliv-
ery. Thus, the optimal strategy given the uncertainty regarding
vaccine supply and delivery was to protect high-risk individuals
(i.e., the elderly).

Next, we tested the impact of varying the initial conditions. If
the vaccine was distributed before the outbreak (i.e., when the
number of active cases was low and there was no infection-
acquired immunity in the population), 100% of deaths could be
averted by vaccinating only 30% of the population if essential
workers were prioritized (Fig. 5(c)). If the pandemic was better
controlled when the vaccine was initially distributed (e.g., if the
number of active cases corresponded to 0.5% of the population),
more than 80% of deaths could be averted, and prioritizing
essential workers over the elderly was preferable if vaccine
coverage was low (Appendix A Fig. S5(c)). Similarly, the higher
the proportion of individuals with infection-acquired immunity
at the beginning of the rollout, the better it was to prioritize
essential workers when vaccine coverage was low, and the better
it was to prioritize the elderly when vaccine coverage was high
(Appendix A Figs. S5(d) and (e)). A potential reason for this is that
fewer high-fatality-risk individuals had yet to be infected; reducing
transmission by prioritizing essential workers would thus be
optimal rather than attempting to vaccinate susceptible individuals
(considering that vaccination is independent of previous infection
in the model). This result could also derive from nonlinear
reductions in disease transmission resulting from approaching
the herd protection threshold.

Finally, we tested the sensitivity of the results to population
compliance with social distancing measures and overall viral trans-
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missibility. If the reproductive number fell to 1.3 (e.g., because of
the implementation of stronger NPIs, such as mask wearing, or
reduced viral transmissibility), high-fatality-risk individuals were
better protected from the negative consequences of the disease.
In this scenario, if vaccine coverage was low, the optimal course
of action was to curb transmission by prioritizing essential work-
ers, while for high vaccine coverage prioritizing the elderly was
optimal (Fig. 5(d)). In contrast, as the reproductive number
increased (e.g., because of weaker NPIs or a more transmissible
variant of the virus), it was better to protect high-fatality-risk
groups for any vaccine supply level (Appendix A Fig. S5(f)). Similar
results were observed if, instead of varying the reproductive num-
bery, the level of social interactions was varied: The more contact
rates were reduced among individuals who are not essential work-
ers, the larger the relative benefits of prioritizing essential workers
if vaccine coverage was low (Appendix A Figs. S5(g) and (h)).

Beyond epidemiological reasons associated with the high risks
of exposure and transmissibility, some may consider ethical con-
cerns associated with social justice and fairness as a basis for pri-
oritizing essential workers over the elderly. In the United States,
a disproportionate number of essential workers are from racial
and ethnic minorities and socioeconomically vulnerable popula-
tions, which has resulted in an exacerbation of pre-existing
inequalities during the COVID-19 pandemic. Therefore, prioritizing
essential workers may be optimal for equity reasons. For example,
suppose that two individuals, A and B, would benefit equally from
being vaccinated (e.g., they have the same COVID-19 mortality
risk). However, B belongs to a socioeconomically vulnerable group
and is an essential worker. To adjust for the social injustice faced
by B, allocation of the vaccine to B first may be considered optimal,
even though both individuals would experience the same health
benefits. In contrast, allocating the vaccine to A first may further
exacerbate the inequality between A and B. Given sufficient equity
motives, prioritizing individual B (the essential worker) may be
preferred, even if the expected health benefits of vaccination were
higher for individual A.

To examine the strength of the equity motive that would attach
absolute priority to essential workers, we considered the scenario
of a vaccine that only produces direct benefits. For a vaccine that
reduces the infection-fatality rate by 90%, prioritizing the elderly
resulted in the highest number of deaths averted (Fig. 2). Note that
the prioritization strategy also affected the distribution of deaths
among different groups in addition to affecting the total number.
If the elderly were prioritized over essential workers (i.e., the
‘‘elderly/essential” strategy compared to the ‘‘essential/elderly”
strategy), by construction fewer total deaths would occur and
fewer deaths would occur among the elderly, but more deaths
would occur among essential workers (because the vaccine has
almost exclusively direct benefits, deaths among the rest of the
population would be unchanged). We investigated what level of
equity-weight for essential workers would be necessary to priori-
tize them over the elderly in this scenario (i.e., preference of the
‘‘essential/elderly” to the ‘‘elderly/essential” strategy), despite the
higher number of deaths among the elderly, with equity-weight
representing the greater value attached to preserving an individual
life given their pre-existing social disadvantage.

Fig. 6 depicts the result of such an analysis. If the vaccine supply
covered at least 40% of the population and essential workers were
prioritized, then saving the life of an essential worker was consid-
ered equivalent to saving the life of more than six older adults.
Stated differently, the ‘‘essential/elderly” allocation would only
be selected if preserving the life of an essential worker was



Fig. 6. Equity-weights attached to preserving (a) the life or (b) the life-years of an essential worker such that essential workers would receive absolute priority in the
allocation of a vaccine that is 90% effective at reducing fatalities (the equity-weight attached to preserving the life/life years of an older person is 1). The y-axis represents the
equity-weight attached to preserving (a) the life or (b) life years of an essential worker compared to the life or life years of an older adult. For example, a weight of two
indicates that preserving the life (a year of life) of an essential worker was equity-weighted to preserving the life of two older adults (two years of life of an older adult). The
x-axis represents the maximum percentage of the population that would be vaccinated.
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equity-weighted at more than six times that of an older person.
The same exercise was performed for years of life lost. If the vac-
cine supply covered at least 40% of the population, the
‘‘essential/elderly” allocation would be selected as long as one year
of life of an essential worker was equity-weighted to approxi-
mately three years of life of an older person. The lower weighting
was due to the differences in age and resulting preference for vac-
cinating essential workers first, based on the higher life expectancy
if their lives were saved.

4. Discussion and conclusions

The analysis in this paper highlights that critical considerations
for vaccine allocation strategies involve both the stated goal (e.g.,
minimizing the number of deaths while adjusting for differences
in life expectancy or minimizing deaths or years of life lost while
promoting social justice) and specific properties of a vaccine. We
demonstrate that even if a vaccine is effective at blocking viral
transmission, prioritizing the elderly yields the largest reduction
in number of deaths in most scenarios. Uncertainty about the effec-
tiveness of a vaccine in blocking transmission and potential con-
straints in delivery reinforce the relative benefits of prioritizing
the elderly. Note that uncertainties or inconsistencies about deliv-
ery timing (e.g., interruptions in vaccine supply) are likely to have
similar effects on selection of prioritization strategy. Prioritizing
essential workers is a viable strategy for reducing the number of
infections and years of life lost. It appears also to be a viable strat-
egy for reducing the number of deaths when the pandemic is well-
controlled (e.g., under scenarios with a low reproductive number
and high compliance with social distancing practices, low number
of active cases, or a high level of infection-acquired immunity at
the beginning of vaccine rollout), at least if vaccine supply levels
are low.

Additionally, we explored the equity implications of relatively
broad alternative prioritization strategies for the allocation of lim-
ited supplies of COVID-19 vaccine doses. In this regard, we exam-
ined the strength of the equity motive that would support
prioritization of essential workers (who have the greatest risk of
contracting COVID-19 and tend to have disproportionately lower
socioeconomic status and to overrepresent racial and ethnic
minorities) over older adults (who have the greatest risk of death
from COVID-19 but tend to be disproportionately wealthy and
white). Our findings suggest that across a range of plausible sce-
narios, prioritizing older adults would generally yield the greatest
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reduction in number of deaths. A reasonably strong equity motive
(e.g., an equity weight higher than six in our simulation) would
therefore be required to favor prioritization of essential workers
over older adults, if saving lives were the principal objective.

Nevertheless, more granular methods are available for address-
ing pre-existing social inequities in the allocation of COVID-19 vac-
cines. For example, in their Framework for Equitable Allocation of
COVID-19 Vaccine published in the fall of 2020, the US National
Academies of Sciences, Engineering, and Medicine recommended
the use of a social vulnerability index (SVI) to identify and priori-
tize—within each specified population group (e.g., ‘‘all older adults”
or ‘‘critical workers in high-risk settings”)—geographic areas asso-
ciated with higher vulnerability to severe COVID-19 outcomes.
Such within-group prioritization enables the greatest emphasis
to be placed on broad, overarching public health goals (e.g., saving
lives), while still giving due attention to longstanding societal
inequities. The National Academies’ recommendation to incorpo-
rate a vulnerability index was not adopted in the formal national
guidelines for phased COVID-19 vaccination from the Centers for
Disease Control and Prevention and Advisory Committee on Immu-
nization Practices [33,38], but several states appear to be employ-
ing an SVI in some fashion [47].

It is worth mentioning that the actual implementation of vac-
cine allocation strategies may have strong equity implications,
beyond the impact of the prioritization framework underlying
any given strategy. Indeed, several states have paid insufficient
attention to the differential abilities of social groups to meet the
exigencies of the vaccination registration process. For example, in
some cases individuals with lower income may struggle to access
online booking systems with limited appointment availability
because they have to work blue-collar jobs during the day or lack
adequate internet access [48,49]. Such oversights may precipitate
a scenario in which pre-existing social inequities are not only
maintained but even exacerbated by the vaccine rollout.

Our analysis has several limitations. We employed a determin-
istic SEIR model to illustrate the effects of alternative prioritization
strategies, but these models, although widely used, are not well-
suited to capture disease dynamics that are inherently stochastic
and non-linear (e.g., super-spreader events) [50]. In addition, we
only considered heterogeneity by age and essential worker status,
but other risk factors are correlated with COVID-19 infection risk
or the risk of death from COVID-19, including the presence of
comorbidities, constraints in healthcare system capacity, sex, race,
ethnicity, socioeconomic status, and living arrangements [13,51–54].
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Further, we did not include geographic variation in the model
(e.g., high-density vs low-density areas). Subdividing the popula-
tion into narrower, more-refined socio-demographic groups would
provide a more detailed picture of which groups should be priori-
tized. Finally, many of the inputs used in the model are subject to
uncertainty; new information may thus affect the generalizability
of model results. For example, we assumed that, upon recovery,
infected individuals are immune and cannot be infected or become
infectious again, but future studies may shed light on the duration
of natural immunity. In addition, all individuals were considered
eligible for the vaccine independently of whether they have been
infected and have developed immunity (which is consistent with
policy throughout the United States). Finally, the burden of the
pandemic and optimal vaccine prioritization strategy depend on
the future trajectory of the pandemic, that is, prevalent reproduc-
tive number, relative reduction in contacts across ages and socio-
economic groups, and dominant variant of the virus in circulation.
These features are highly uncertain, and the model relies on best
estimates or realistic assumptions.

Other relevant considerations for vaccine allocation strategies
were beyond the scope of this analysis. The capacity of the health
system to deliver the vaccine to different sociodemographic groups
may be relevant to the selection of vaccine prioritization strategy.
In addition to logistical constraints and differences in the distribu-
tion of costs among sociodemographic groups, vaccine hesitancy
may play a role in the final allocation. If a prioritized group refuses
to receive the vaccine, it makes sense to rapidly allocate the vac-
cine to the next group. In this regard, attaching equal priority to
elderly and essential workers (as in the ‘‘elderly & essential” strat-
egy) may avoid delays in vaccine rollout. Alternatively, many US
states have addressed this issue by allowing overlap in the timing
of vaccination across priority groups [55]. Moreover, some vaccine
allocation strategies may either diminish or amplify vaccine hesi-
tancy. For example, the general public may be more likely to accept
a vaccine if they witness its effectiveness in healthcare workers
who also endorse its use; conversely, they may be less likely to
accept the vaccine if immunosenescence substantially undermines
its effectiveness in older adults who are early recipients [56]y.

Throughout the paper, we have assumed that a single vaccine is
to be distributed. Availability of multiple vaccines with different
levels of effectiveness, dosage, safety profiles, and costs is likely
to affect the selected allocation strategy. This raises the complex
question of which vaccine is appropriate for each sociodemo-
graphic group and when each group should be vaccinated under
different conditions of uncertainty. For example, if a more effective
vaccine than the one available is expected, which group should
receive available doses of the less-effective vaccine? Non-health
considerations are important here as well because delaying vaccine
distribution implies that physical and social distancing measures
must remain in place for longer, thereby delaying economic recov-
ery and prolonging social hardship. Due to the interplay between
NPIs and vaccination strategies, the optimal vaccine prioritization
rule should be selected in conjunction with the optimal intensity
of NPIs (e.g., the rule may depend on economic sectors for which
relaxation of NPIs is most desired).

Potential unintended consequences of vaccination should also
be considered. The introduction of a vaccine may confer a sense
of protection in immunized individuals, who may behave less cau-
y Another issue is whether the vaccine allocation strategy is affected by the number
of doses required per individual (i.e., single-dose vs two-dose vaccines). Logistical
barriers and hesitancy issues are increased with multi-dose vaccines, which may
delay distribution and the resulting reduction in infections (e.g., the decision by the
UK to postpone the administration of the second dose of the BioNTech-Pfizer and
AstraZeneca-University-of-Oxford vaccines, thereby vaccinating a larger group with
one dose rather than a smaller group with two doses [56]).
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tiously with regards to practicing social and physical distancing.
This may be an issue if the vaccine turns out to be less effective
than expected, especially at reducing transmission.

In sum, the optimal vaccine allocation strategy depends on var-
ious factors, including COVID-19 epidemiology, vaccine character-
istics, and economic, social, and ethical considerations. Analyses of
the full value of COVID-19 vaccines and alternative prioritization
strategies will promote preparedness for future pandemics and
improve the distribution and logistical management of vaccines
for endemic diseases.
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