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Abstract
Distributing scarce resources such as COVID-19 vaccines is often a highly time-
sensitive and mission-critical operation. Our research was prompted by a significant
obstacle that the United States and other nations encountered during the early months
of the COVID-19 vaccination campaign: Most COVID-19 vaccines require two doses
given 3 or 4 weeks apart. Given the severely limited supply and mounting pressure
on many countries to reduce hospitalizations and mortality, how to effectively roll
out two-dose vaccines was a critical policy decision. In this paper, we first model
and analyze inventory dynamics of the rollout process under three rollout strategies:
(1) holding back second doses, (2) releasing second doses, and (3) stretching the lead
time between doses. Then we develop an SEIR (susceptible, exposed, infectious, recov-
ered) model that incorporates COVID-19 asymptomatic and symptomatic infections to
evaluate these strategies in terms of infections, hospitalizations, and mortality. Among
our findings, we show releasing second doses reduces infections but creates uneven
vaccination patterns. In addition, to ensure second doses are given on time without
holding back inventory, strictly less than half of the supply can be allocated to first-
dose appointments. Stretching the between-dose lead time flattens the infection curve
and reduces both hospitalizations and mortality compared with the strategy of releasing
second doses. We also consider an alternative single-dose vaccine with lower efficacy
and show that the vaccine can be more effective than its two-dose counterparts in reduc-
ing infections and mortality. We conduct extensive sensitivity analyses related to age
composition, risk-based prioritization, supply disruptions, and disease transmissibil-
ity. Our paper provides important implications for policymakers to develop effective
vaccine rollout strategies in developed and developing countries alike. More broadly,
our paper sheds light on how to develop effective operations strategies for distributing
time-sensitive resources in times of crisis.

K E Y W O R D S
COVID-19 vaccine rollout, healthcare operations management, public health operations, SEIR model,
vaccine inventory

1 INTRODUCTION

This research was motivated by a major challenge that
COVID-19 vaccination campaigns faced during the first half
of 2021. One year after the onset of the COVID-19 pandemic,
global efforts aimed at ending the pandemic had evolved from
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developing vaccines at a record pace to rapidly putting doses
into people’s arms. Experts predicted that manufacturing or
deployment delays will cause the benefit of vaccination to
“decline substantially” (Paltiel et al. 2021, p. 42). Adding
to the urgency of distributing vaccines, SARS-CoV-2, the
virus underlying the disease, continued to rapidly spread and
mutate. Racing against time, the mass vaccination effort was
arguably “the biggest logistics challenge in history” (Arnold,
2020, p. 36), requiring vaccine manufacturers to produce
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billions of doses of newly developed vaccines in a matter
of months.

Yet, expanding vaccine supply was challenging for two
reasons. First, the vaccine production rate is limited by phys-
ical infrastructure, requisite raw materials (e.g., enzymes for
converting DNA to mRNA for both the Pfizer and Mod-
erna vaccines),1 and packaging materials (e.g., glass vials
and rubber stoppers). Second, the production yield can be
uncertain. For example, uncertainty in AstraZeneca’s vac-
cine production process, which requires the growth of cells
inside bioreactors, caused major delays in its delivery to
the E.U. in January 2021. In addition, developed countries
have locked up much of the vaccine supply through 2023,
leaving developing countries struggling with stringent supply
constraints (Hopkins, 2021). Specifically, the vaccine short-
age was particularly salient in Africa, which accounts for
18% of the world’s population but has only received 2% of
global COVID-19 vaccine supply by June 2021 (Muhumuza
& Mutsaka, 2021).

In addition to limited supply, the authorization of three
major COVID-19 vaccines (AstraZeneca, Moderna, and
Pfizer) was for two-dose regimens, creating unprecedented
timing and inventory planning issues. For example, the Pfizer
vaccine required two doses with a recommended 3-week
interval between them.2 To ensure adherence to the two-dose
regimen, the United States initially (from December 2020)
followed a “hold-back policy” for each dose offered to a
first-time recipient; that is, one extra dose is held in reserve
until the recipient returns for the second dose (Gottlieb,
2021).

The hold-back policy ensures that two doses are reserved
for each recipient. However, when facing severely limited
vaccine supplies and rapidly rising COVID-19 case counts,
the hold-back policy can cause a delay for other individuals to
receive their first doses. To accelerate the vaccination process
in order to reach herd immunity sooner, the United States and
the United Kingdom had proposed unconventional solutions
intended to address the logistical requirement of offering two
doses of the COVID-19 vaccine for each recipient.

In the United States, then-President-elect Joe Biden pro-
posed on January 8, 2021, that he would order a switch
from the hold-back policy to a stock “release policy,” which
means that (1) no vaccine inventory would be held for future
vaccine recipients who return to receive their second doses
and (2) all vaccine inventory is used as either first doses
for new recipients or second doses for returning recipients
(O’Donnell & Spalding, 2021). Unlike the hold-back policy
that can guarantee that the two-dose regimen is adminis-
tered according to the recommended time interval, the release
policy can increase access of the first doses to more recip-
ients. However, without dedicated inventory for the second
doses, shortages may arise when vaccine supply remains
limited.

Across the Atlantic, the U.K. government announced a
related and somewhat controversial policy on December 30,
2020. Instead of administering two vaccine doses 3 weeks

apart as recommended (in the case of the Pfizer vaccine), the
lead time would be stretched to 12 weeks. Logistically, this
“stretching policy” defers the required demand from second-
dose recipients and frees up more stock to cover first-dose
recipients. Hence, the stretching policy generates an effect
similar to that of the release policy: It can expand the access to
the first dose for more recipients, but it will delay the adminis-
tration of the second dose, especially when the vaccine supply
is limited. Delaying the time for recipients to receive their
required second doses can increase the chance of infection
for these recipients during the delay.

Both the U.S. and U.K. policies aimed to maximize the
number of people developing at least partial immunity. As
The Guardian reported, prioritizing the first dose “would
mean each vulnerable person who has received the vaccine
would be afforded less protection, [while] the number of peo-
ple given at least some protection would double” (Rawlinson,
2020). Because clinical data suggest the marginal gain in pro-
tection of the first dose is significantly larger than that of the
second dose, the U.K.’s approach appeared to increase overall
protection to the population.

On the other hand, both policies were controversial for
myriad reasons (Mancini & Gross, 2021). In particular, the
issue of whether to hold back second doses garnered sig-
nificant public attention in the United States: Some experts
are in favor of holding back second doses, citing the risk of
insufficient protection of single-dose inoculations in times of
potential disruptions (Mak & Tang, 2021); others believe the
supply rate of COVID-19 vaccines is expected to grow over
time, at least in the United States, so holding back second
doses is unnecessary (Dai & Yadav, 2021). These diverg-
ing views motivated us to model and compare the release
and stretching policies against the benchmark hold-back pol-
icy. Essentially, both the release and stretching policies were
intended to address the challenge of limited vaccine supply
through an operational approach: Both policies call for shifts
in inventory-control policies for vaccine stocks. Therefore,
debates over these policies must involve the operations man-
agement perspective, which has been largely absent in the
public discourse, in addition to the clinical, public health,
and political perspectives. To facilitate such discussions, we
developed a modeling framework to examine and compare
these policies.

Due to limited vaccine supply (especially in many
developing countries), allocating vaccines has become a time-
sensitive and mission-critical issue. In our context, these
rollout policies of a vaccine with a two-dose requirement
involve the following trade-offs: (i) The hold-back policy can
secure two doses for fewer recipients with high efficacy, yet
it delays other recipients’ access to the first doses (which
can give them some immunity); (ii) the release policy can
increase access to the first doses, but it may cause short-
ages or delays for administering the required second doses
for returning recipients; and (iii) the stretching policy can also
vaccinate more recipients, but it can cause even longer delays
for the recipients receiving their required second doses.
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Critically, through modeling the rollout process under
the alternative policies, we point out that the popular
belief that “the number of people vaccinated would double”
(Rawlinson, 2020) is incorrect. In particular, the clini-
cal requirement to administer the second dose imposes an
intertemporal constraint on the rollout problem: As more first
doses are given early on, supplies in later periods become
more tightly constrained.

In light of these trade-offs, the limited supply of vaccines,
and how the required second dose can boost immunity against
COVID-19, the implications of these policies are not imme-
diately clear, especially when the timing for individuals to
receive the first and second doses would vary for each pol-
icy. These observations motivated us to develop a dynamic
model to examine the following questions arising from the
rollout process of a COVID-19 vaccine with a two-dose
requirement:

(i) Given the production rate of vaccines (constant or lin-
early increasing), what are the cumulative inoculation
rates for the first and second doses under the hold-back
policy, the release policy, and the stretching policy?

(ii) Relative to the hold-back policy, will the release and
stretching policies generate higher cumulative inocula-
tion rates?

(iii) In light of an age-stratified SEIR (susceptible, exposed,
infectious, recovered) model that predicts the infec-
tion process under different vaccination policies, which
policy is the most effective in reducing infections,
hospitalizations, and mortality?

(iv) How would a single-dose vaccine with a lower effi-
cacy (e.g., the Johnson & Johnson COVID-19 vaccine)
perform relative to its two-dose counterparts?

As an initial attempt to examine the above questions arising
from the two-dose regimen of all approved vaccines and the
limited supply of vaccines, we developed a dynamic model
by examining the first- and second-dose inoculation rates of
a single vaccine under all three policies (hold-back, release,
and stretching). We also extend our model to capture the case
of rolling out a new single-dose vaccine with a lower efficacy.

Through analytical comparisons, we find that under a con-
stant or linearly increasing vaccine production rate, both
release and stretching policies generate a higher cumulative
vaccination population than the hold-back policy. Somewhat
counterintuitively, we show that even if one intends to release
all second doses, no more than half of the available doses
can be allocated to first-dose appointments, in order to avoid
any delays in administering those required second doses for
returning recipients, no matter how quickly supply grows
over time.

One can view the single-dose regimen as an extreme case
of a stretching policy in which the timing of the required sec-
ond dose is extended to the infinite future. Using this logic,
we show that the single-dose regimen can generate a higher
cumulative vaccinated population than the hold-back policy
and the release policy.

We also developed a compartmental SEIR model that
incorporates COVID-19 asymptomatic and symptomatic
infections in a population that consists of high- and low-
risk groups. Our SIER model captures the evolution of the
COVID-19 pandemic among these two groups who receive
zero, one, or two doses of vaccine under different rollout
strategies over time. We also calibrate our parameter values
using the latest vaccine effectiveness studies (e.g., Haas et al.,
2021). Our simulation study of our SEIR model reveals that
both release and stretching policies can generate lower dis-
ease transmissions than the hold-back policy; however, these
two policies create uneven vaccination patterns. Stretching
the between-dose lead time flattens the infection curve, and
reduces hospitalization and mortality (more than under the
strategy of releasing second doses). We also consider an alter-
native single-dose vaccine (e.g., J&J vaccine) with a lower
overall efficacy and show that it can be more effective than
its two-dose counterparts in reducing infections, hospitaliza-
tions, and deaths. We conduct extensive sensitivity analyses
related to age composition, risk-based prioritization, supply
disruptions, and the basic reproduction number R0.

Although our work was motivated by the initial months
of COVID-19 vaccination efforts in the E.U., United King-
dom, and United States, it has broader policy implications.
Developing countries are set to face limited vaccine supply
as developed countries have locked up most of the vaccine
supply up to 2023 (Hopkins, 2021). This is the latest episode
of the longstanding ineffectiveness of global health supply
chains that calls for better operations management prac-
tices (Gallien et al., 2017; Kraiselburd & Yadav, 2013). Our
results can help policymakers in various developing countries
understand the pros and cons of different rollout policies. Fur-
thermore, our modeling framework and our SEIR model can
be applied to a variety of vaccination environments (when rel-
evant data become available), including different variants and
different vaccines with varying administration regimens and
levels of efficacy.

The remainder of the paper is organized as follows. We
review the relevant literature in Section 2. Section 3 describes
our model and the three rollout policies. Using the hold-back
policy as a benchmark, we examine the implications of the
release policy in Section 4 and the stretching policy in Sec-
tion 5. In Section 6, we examine an alternative single-dose
vaccine. In Section 7, we develop an SEIR model to evaluate
the three policies and the single-dose regimen. We conclude
our paper in Section 8. All proofs are provided in Section
OA1 of the Supporting Information.

2 LITERATURE REVIEW

Vaccine distribution is a vibrant line of research that has
attracted substantial interest from the healthcare operations
management community. Most of this stream of literature
focuses on the influenza vaccine (for exceptions, see, e.g.,
Cummings et al., 2021; Hall et al., 2008). Whereas several
papers in this literature (e.g., Arifoğlu et al., 2012; Arifoğlu
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& Tang, 2022; Chick et al., 2008, 2017; Yamin & Gavious,
2013) study governments’ vaccine contracting, procurement,
and subsidies decisions, others (e.g., Cho & Tang, 2013; Dai
et al., 2016) examine optimal contract design between vac-
cine manufacturers and healthcare providers who administer
vaccines. Duijzer et al. (2018) use a susceptible–infectious–
recovered (SIR) model to study the critical vaccine coverage
leading to herd effect for a pandemic and consider the
optimal allocation of vaccine doses across different popu-
lations. Unlike this literature, which focuses primarily on
distributing single-dose vaccines, we study a unique prob-
lem of distributing a two-dose vaccine during a pandemic in
which whether to hold back second doses becomes a con-
sequential national policy. In doing so, our paper speaks to
a number of related public health papers on various roll-
out strategies, including, for example, Paltiel et al. (2021a),
Paltiel et al. (2021b), Tuite et al. (2021), and Voysey et al.
(2021).

Another related stream of literature studies inventory
management—a classical theme of the operations research
and management science community. This literature emerges
from the seminal work by Arrow et al. (1951), Dvoretzky
et al. (1953), and Scarf (1960), and has become the founda-
tion of much of today’s work in manufacturing and supply
chain operations (Porteus, 1990; Song et al., 2020). Despite
the immense breadth and depth of the extant inventory liter-
ature, our paper represents a first attempt to address a novel
time-sensitive resource allocation problem in which each cus-
tomer requires exactly two units of the product at a specified
timing. In addition, unlike the literature that focuses on a
single organization’s decision, we examine a national pol-
icy with public health implications. The only other work in
the inventory literature that shares similar characteristics, to
the best of our knowledge, is the paper by Natarajan and
Swaminathan (2017), which considers the dynamic allocation
of inventory of treatment drugs among patients with differ-
ent (and evolving) health states. Compared with this work,
which considers patients’ health conditions in each state to
evolve exogenously over time, our vaccine rollout problem
involves the evolution of a pandemic that is governed by an
epidemiology model.

Our paper also contributes to the rapidly growing oper-
ations management literature that addresses the COVID-19
pandemic. For example, Kaplan (2020) documents a num-
ber of basic mathematical models to support local-level
COVID-19 decisions ranging from event crowd control to
hospital capacity planning. As another example, Chen et al.
(2020) use mobility data around nursing homes to establish
the relationship between cross-facility staff movement and
COVID-19 infections. Shumsky et al. (2021) study a health-
care provider’s COVID-19 vaccine inventory management
problem. We enrich this literature by studying a novel prob-
lem relevant to how health policymakers roll out COVID-19
vaccines—the endgame of the COVID-19 pandemic—and
our findings have important implications for vaccination
policies in future pandemics.

3 MODELING A TWO-DOSE VACCINE
ROLLOUT PROCESS

In this section, we present a parsimonious model of the
vaccine rollout process in the spirit of scratch models as
articulated by Kaplan (2020). To examine the implications
of the three aforementioned policies—including (1) hold-
ing back second doses, (2) releasing second doses, and
(3) stretching the between-dose lead time—our model
focuses on the dynamic first- and second-dose inoculation
rates over time by taking into consideration the limited avail-
ability of vaccine supply. Specifically, our model involves the
following elements.

Vaccine supply rate y(t)
Consider a time horizon with a length of T (e.g., a year) dur-
ing which the vaccine is rolled out. For any t ∈ [0,T], let y(t)
be the deterministic supply rate of vaccine doses available at
t3; y(t) is exogenously determined by the rate of manufactur-
ing, quality and safety checks, and transportation. We assume
y(t) is (weakly) increasing in t; that is, the supply ramps up
over time. Let Y(t) be the cumulative supply up to time t,
where Y(t) = ∫ t

0
y(𝜏)d𝜏.

Vaccination rate vi(t) and cumulative vaccination Vi(t)
We denote by v1(t) and v2(t) the instantaneous rates of
the first- and second-dose inoculations at time t, respec-
tively. Thus, the cumulative vaccinations completed by time
t, denoted by Vi(t), satisfies

Vi(t) = ∫
t

0
vi(𝜏)d𝜏 for i ∈ {1, 2}. (1)

The cumulative vaccinations V1(t) (and V2(t)) can be inter-
preted as the partially (and fully) protected populations who
have received the first dose (and the second dose) by time
t ∈ [0,T].

Lead time L
A parameter of key concern is the lead time L; that is,
the recommended time interval between the two doses of
the same vaccine. The lead time L depends on the specific
vaccine and the vaccination policy. In the United States,
Pfizer recommends L = 3 weeks and Moderna recommends
L = 4. For simplicity of our analysis, we assume the sec-
ond dose must be received exactly L periods after the first
dose.4 However, in the United Kingdom, L = 12 weeks for
the AstraZeneca, Moderna, and Pfizer vaccines under the
dose-stretching policy.

Vaccination rollout policy (v1(.), v2(.), L)
As we will explain later, the hold-back, release, and stretch-
ing policies correspond to a particular choice of functions
v1(⋅), v2(⋅), and the lead time L. In general, a feasible policy
(v1(.), v2(.),L) must satisfy the following constraints at any
time t5:
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V1(t) + V2(t) ≤ Y(t) for t ∈ [0,T] (2)

V2(t) = 0 for t ∈ [0,L) (3)

V2(t) ≤ V1(t − L) for t ∈ [L,T]. (4)

Due to limited vaccine supply, constraint (2) suggests cumu-
lative first- and second-dose vaccinations offered are bounded
by the cumulative supply at every instant t. In addition, to
comply with the two-dose regimen requirement, constraints
(3) and (4) indicate second doses cannot be offered until L
time units have elapsed after first-dose inoculations. (If there
is sufficient supply of vaccine at all times, then (4) will hold
as equality; i.e., V2(t) = V1(t − L).)

Cumulative protection Pi(t)
Building on the (partially and fully) protected population
sizes (V1(⋅) and V2(⋅)), we now define the cumulative par-
tial protection rate (due to the first dose) P1(t) and full
protection rate (due to both doses) P2(t) up to time t (in
person-weeks):

Pi(t) = ∫
t

0
Vi(𝜏)d𝜏 for i = 1, 2. (5)

The cumulative protection levels keep track of the num-
ber of people protected by vaccination and the duration
over which protection has been developed. Hence, this
measure reflects the amount of protection offered to the
population as a whole. To elaborate, consider the following
example.

Example 1. Consider two hypothetical scenarios: (i) One
million people are given the first dose instantaneously at time
t = 0 and none thereafter; and (ii) 50,000 people are given the
first dose per day at a continuous rate over 20 days and none
thereafter. In both cases, the cumulative first-dose vaccinated
population sizes by Day 20 are the same at V1(t) = 1 million
when t = 20. However, the cumulative protection levels are
different: P1(t) is equal to 20 million person-days in scenario
(i), and is equal to 10 million person-days in scenario (ii).
Thus, the amount of protection in scenario (i) is double that
under scenario (ii).

The functions y(t),Y(t), vi(t), and Vi(t) are meaningfully
defined only for t ∈ [0,T]; for notational brevity, we adopt
the convention that their values equal zero when t < 0. In
addition to these measures, we further consider a broader
class of performance metrics, including symptomatic infec-
tions, hospitalizations, and mortality, based on an SEIR
model in Section 7 and Section OA2 of the Supporting Infor-
mation. This involves a system of differential equations that
utilizes vi(t) and Vi(t) for i = 1, 2.

3.1 Stock hold-back policy (vh
1
(t), vh

2
(t))

As explained in Section 1, the U.S. government followed
the manufacturer’s recommended lead time of L weeks by
adopting the hold-back policy as follows. Specifically, each
facility only administers half of the vaccine stock received
for first doses, and holds back the other half for L weeks to
ensure recipients will have guaranteed stock when they return
for the second dose. By considering the supply rate y(t), the
hold-back policy (vh

1(t), vh
2(t)) stipulates the following6:

vh
1(t) =

1
2

y(t) and vh
2(t) = vh

1(t − L). (6)

This policy ensures constraints (2)–(4) are satisfied at
all time.

We now represent the cumulative protection functions
Ph

i (t) using the external supply function Y(t). First, by the
definition of Vh

i (t), we have

Vh
1 (t) =

1
2

Y(t) and Vh
2 (t) =

1
2

Y(t − L). (7)

Then, the amount of protection by time t can be given by

Ph
1(t) =

1
2 ∫

t

0
Y(𝜏)d𝜏 and Ph

2(t) =
1
2 ∫

t−L

0
Y(𝜏)d𝜏. (8)

3.2 Stock-release policy (vr
1
(t), vr

2
(t))

Under the stock-release policy, vaccine stock is no longer put
on reserve for second doses.7 The intention of the release
policy is to maximize the rate of first-dose inoculations to
accelerate the build-up of partial protection. Using our nota-
tion, the release policy stipulates that v1(t) + v2(t) = y(t),
such that all available stock is offered (as first or second
doses) without delay. However, if the supply rate does not
increase fast enough over time, then increasing the number
of first-dose recipients earlier would constrain the number of
first-dose recipients later.

To illustrate different rollout dynamics under the hold-back
and the release policies with limited vaccine supply, let us
consider a simple example.

Example 2. Consider a constant supply rate of 100 doses
per day (i.e., y(t) = 100) and a lead time of L =21 days (i.e.,
3 weeks between dose time interval for the Pfizer vaccine).

(i) Hold-back policy. Under the hold-back policy, 50 first
doses will be offered per day, whereas the remaining
50 doses of supply will be reserved for the same 50 recip-
ients who return 21 days later for their second doses. This
pattern repeats every day.

(ii) Release policy. Under the release policy, from Day 1 to
Day 21, 100 doses per day (i.e., the entire supply for
each day) are administered to 100 people as their first
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doses. However, on Day 22, those 100 recipients who
received the first doses on Day 1 are now due for their
second doses. To adhere to the required dosage schedule,
it is necessary to allocate all 100 doses (i.e., the entire
supply) on Day 22 for those 100 returning second-dose
recipients. In doing so, the provider has no vaccine to
offer to any first-dose recipient on Day 22. This situa-
tion will continue until Day 43, when there are no more
recipients who are due for the second dose (because no
first-dose recipient received a first dose from Day 22
to Day 42). Therefore, on Day 43, all 100 doses will
be released to 100 first-dose recipients, and the pattern
repeats as on Day 1. Overall, this “alternating pattern”
repeats in 42-day (i.e., twice of the lead time L = 21
days) intervals.8

We now define the stock-release policy (vr
1(t), vr

2(t)) more
formally. Initially, all available supply is released as first-dose
vaccination over t ∈ [0,L) so that (vr

1(t), vr
2(t)) satisfy

vr
1(t) = y(t) and vr

2(t) = 0. (9)

When t ≥ L, the available supply will be split between first-
and second-dose appointments. Let Br(t) = Vr

1(t − L) − Vr
2(t)

denote the amount of backlog by time t; that is, the differ-
ence between the number of people who have received their
first doses L weeks ago and the number of people who have
received their second doses. For clinical reasons, the back-
log Br(t) should be minimized. Therefore, the rate of second
doses offered should match as closely as possible the rate of
first doses completed L periods ago. To capture this pref-
erence, the release policy (vr

1(t), vr
2(t)) for t ∈ [L,T] must

satisfy:

vr
1(t) = y(t) − vr

2(t)

vr
2(t) =

{
min{vr

1(t − L), y(t)} if Br(t) = 0

y(t) otherwise.
(10)

That is, when the backlog of second-dose appointments exists
(i.e., Br(t) > 0, or, equivalently, Vr

2(t) < Vr
1(t − L)), the entire

supply will be allocated for the second dose. In the absence
of a backlog, the second-dose inoculation rate follows the
first-dose rate lagged by lead time L, up to the available
capacity.

The backlog of second-dose appointments Br(t) will build
up if the rate of recipients due for second doses, v1(t − L),
exceeds the available supply, y(t). When the supply rate
ramps up slowly, most (or all) of the available supply might
be allocated for second doses in order to avoid backlog. This
scenario is not desirable for the purpose of steadily increasing
the protected population.

The next result evaluates the fraction of supply that can
be allocated for first-dose appointments. In preparation, let
us define 𝛽 as the minimum fraction of available supply that
is allocated for first-dose appointments at all times, that is,
𝛽 = mint≥L v1(t)∕y(t).

Lemma 1. No backlogs exist if and only if 𝛽 satisfies

(1 − 𝛽) ⋅ y(L + t) ≥
⎧⎪⎨⎪⎩

y(t) for all t ∈ [0,L)

y(t) − y(t − L) for all t ∈ [L, 2L)

y(t) − 𝛽 ⋅ y(t − L) for all t ∈ [2L,T].

(11)

Lemma 1 suggests that, to ensure a minimum fraction (𝛽)
of supply to be allocated for first doses (in order to contin-
uously build up the protected population) at all times, the
supply rate y(t) must grow sufficiently quickly. The first two
conditions of Lemma 1 hold when (1 − 𝛽), the proportion of
supplies made available for second doses, is high and/or sup-
ply accelerates quickly in the initial weeks (especially during
the first L periods). To illustrate the third condition, consider

the case in which 𝛽 =
1

2
; that is, when at least half of the

available supply is to be used on first doses. In that case, the
third condition holds if y(t) is convex.

If vaccine supply does not accelerate sufficiently quickly,
the rate of first-dose inoculations cannot be sustained. To
avoid backlogs for second-dose inoculations, first-dose offer-
ings must be temporarily reduced. As we show in the next
section, this reduction gives rise to an alternating pattern
between offering first and second doses (see Example 2).

3.3 Dose-stretching policy (vs
1
(t), vs

2
(t))

The dose-stretching policy is intended to optimize the use
of vaccine supply and maximize first-dose inoculations. We
define the dose-stretching policy (vs

1(t), vs
2(t)) by focusing on

the effect of stretching the lead time from the recommended L
to Ls = mL, where m ≥ 1 is an integer.9 Using this definition,
we may view the stretching policy as a generalization of the
stock-release policy with a longer lead time Ls = mL, where
m > 1. Thus, we omit the analysis of the policy for brevity.

4 IS RELEASING SECOND DOSES
THE RIGHT MOVE?

We now compare the performance between the hold-back
policy (vh

1(t), vh
2(t)) and release policy (vr

1(t), vr
2(t)). To do so,

we first derive the cumulative vaccinated population Vi(t) and
the cumulative protection Pi(t) associated with these poli-
cies, by considering the case in which the supply rate grows
linearly over time.10 In particular, we assume, without loss
of generality, that y(t) = 1 + 𝛼t, where 𝛼 ≥ 0 and the initial
supply rate is normalized to one (i.e., y(0) = 1).

4.1 Benchmark: Hold-back policy

By using the supply rate y(t) = 1 + 𝛼t and the hold-back
policy (vh

1(t), vh
2(t)) as defined in Section 3.1, we derive the
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corresponding performance measures Vh
i (t) and Ph

i (t) for i =
1, 2 below.

Lemma 2. Under the hold-back policy (vh
1(t), vh

2(t)) and
a linear supply growth, the cumulative vaccinations and
protection evolve over time as follows:

Vh
1 (t) =

t
2
+
𝛼

4
t2 for t ∈ [0,T],

Vh
2 (t) =

⎧⎪⎨⎪⎩
0 for t ∈ [0,L)

1
2

(t − L) +
𝛼

4
(t − L)2 for t ∈ [L,T],

Ph
1(t) =

1
4

t2 +
𝛼

12
t3 for t ∈ [0,T],

Ph
2(t) =

⎧⎪⎨⎪⎩
0 for t ∈ [0,L)

1
4

(t − L)2 +
𝛼

12
(t − L)3 for t ∈ [L,T].

(12)

The measures characterized in Lemma 2 later serve as the
benchmark for ensuing comparisons.

4.2 Implications of the release policy

Using the same approach as in Lemma 2, we can derive
the expressions of the performance measures Vr

i (t) and
Pr

i (t) associated with the stock-release policy (vr
1(t), vr

2(t)) as
defined in Section 3.2. We omit the details for conciseness.

By considering the cumulative vaccinated population Vr
i (t)

associated with the release policy, we can determine the back-
log Br(t) as defined in Section 3.2, where Br(t) = Vr

1(t − L) −
Vr

2(t). The next result follows from Lemma 1 and highlights
the conditions under which the backlog Br(t) = 0 so that a
smooth rollout of first-dose appointments (without causing
delays in administering the second dose) can be guaranteed
under the linear-supply-growth scenario y(t) = 1 + 𝛼t.

Proposition 1. Under a linearly growing supply, the stock-
release policy (vr

1(t), vr
2(t)) can allocate 𝛽 fraction of supply

to first-dose appointments without incurring backlogs for

second-dose appointments if and only if 𝛽 ≤ 1

2
−

1

2(1+2𝛼L)
.

To avoid backlogs at any time t (i.e., Br(t) = Vr
1(t − L) −

Vr
2(t) = 0 for any t) so that enough second doses are avail-

able in stock for those who have received the first dose L
weeks ago, Proposition 1 suggests the stock-release policy
can never guarantee half of available supplies are allocated to
first-dose appointments (i.e., 𝛽 < 0.5), no matter how quickly
the supply rate grows (i.e., for any value of 𝛼). The minimum
guaranteed fraction available for first-dose appointments is,
intuitively, increasing in 𝛼. (Furthermore, as part of the proof
of Proposition 1 in the Supporting Information, (OA2)-(OA3)
suggest that when 𝛼 approaches zero, that is, when supply
grows slowly, first- and second-dose appointments will have
to be almost shut down in alternating periods of lead time (L),
in order to avoid backlogs.)

Next, through direct comparison between the performance
measure associated with the hold-back (i.e., Vh

i (t) and Ph
i (t)

as stated in Lemma 2) and the release policies, we have the
following proposition.

Proposition 2. Under linear supply growth, the stock-
release policy (vr

1(t), vr
2(t)) can generate higher cumulative

vaccinated populations than the stock hold-back policy
(vh

1(t), vh
2(t)) by:

ΔVr
1(t) ≜ Vr

1(t) − Vh
1 (t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

𝛼

2
nL2 +

1
2

(t − 2nL) +
𝛼

4
(t − 2nL)2 for t ∈ [2nL, (2n + 1)L)

𝛼

2
nL2 +

1
2

L +
𝛼

2
L2 −

1
2

[t − (2n + 1)L]

−
𝛼

4
[2(n + 1)L − t]2 for t ∈ [(2n + 1)L, (2n + 2)L)

ΔVr
2(t) ≜ Vr

2(t) − Vh
2 (t) = ΔVr

1(t − L).

(13)

Furthermore, over a full cycle [0, 2nL), where n ≥ 1, the
stock-release policy achieves better cumulative protection
than the stock hold-back policy by

ΔPr
1(2nL) ≜ Pr

1(2nL) − Ph
1(2nL) =

n
2

L2 +
𝛼

2
n(n + 1)L3

ΔPr
2(2nL) ≜ Pr

2(2nL) − Ph
2(2nL) = ΔPr

1((2n − 1)L)

=

(
n − 1

2
+

1
4

)
L2 +

𝛼

2
L3

(
n2 −

5
6

)
.

(14)

From Proposition 2, we can verify that ΔVr
i (t) > 0 and

ΔPr
i (2nL) > 0 for i = 1, 2. Hence, the net changes in cumu-

lative inoculations as well as cumulative protection due to
switching from the stock hold-back policy (vh

1(t), vh
2(t)) to
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the stock-release policy (vr
1(t), vr

2(t)) are all strictly pos-
itive. Therefore, releasing second doses accelerates the
buildup of protection, as long as the supply rate is (weakly)
growing.

This improvement from releasing second doses, how-
ever, comes at the expense of potentially uneven offering
patterns that alternate between first and second doses (Propo-
sition 1) and the associated scheduling complexity, especially
when the supply rate grows sluggishly. In practice, without
assurance that second doses are reserved, many healthcare
providers struggle with the uncertainty of scheduling second-
dose appointments. In the state of Maryland, as recently as
in February 2021, despite the Biden administration’s deci-
sion not to hold back second doses at the federal level,
Dennis Schrader, Acting Maryland Health Secretary, urged
healthcare providers to hold back second doses (Miller &
Cohn, 2021). In other words, the impact of the stock-release
policy on infection control is dampened by its complexity
in implementation.

Proposition 2 reveals that the release policy dominates
the hold-back policy. Will the stretching policy create addi-
tional value over the release policy by extending the lead
time? We analytically examine this issue in the section that
follows.

5 WILL STRETCHING THE DOSE
TIME INTERVAL HELP?

We now examine the implication of the dose-stretching
policy (vs

1(t), vs
2(t)). Recall from Section 3.3 that the stretch-

ing policy is essentially a stock-release policy with a
longer lead time that has Ls = mL, where m > 1. Hence,
we can extend our analysis presented in Section 4.2 to
determine the corresponding performance measures Vs

i (t)
and Ps

i (t) when Ls = mL with m > 1. We omit the details
to avoid repetition. In addition, through direct compar-
ison between the performance measure associated with
the release (i.e., Vr

i (t) and Pr
i (t) as examined in Sec-

tion 4.2) and the stretching policies, we obtain the following
result:

Proposition 3. Over a cycle [0, 2mL), the dose-stretching
policy Ls = mL with m > 1 can increase the cumulative first-
dose inoculations and reduce the second-dose inoculations
over the stock-release policy by

ΔVs
1(2mL) ≜ Vs

1(2mL) − Vr
1(2mL) =

𝛼

2
L2m(m − 1) > 0,

ΔVs
2(2mL) ≜ Vs

2(2mL) − Vr
2(2mL) = −

3𝛼
4

L2(m − 1)2 < 0.

(15)

In addition, the dose-stretching policy offers higher cumula-
tive partial and lower full protection than the stock-release

policy by

ΔPs
1(2mL) ≜ Ps

1(2mL) − Pr
1(2mL)

=
m(m − 1)L2

2
+ 𝛼[2m3 − m(m + 1)]L3 > 0,

ΔPs
2(2mL) ≜ Ps

2(2mL) − Pr
2(2mL)

= −
3(m − 1)2L2

4
−
𝛼(m − 1)(m2 + 1)L3

2
< 0.

(16)

Proposition 3 highlights the trade-off between prioritizing
the first and second doses. Through stretching the lead time
(i.e., by increasing m), more supplies are made available for
the first dose; thus, the cumulative population having com-
pleted the first dose and the cumulative partial protection both
increase. However, deferring the second dose leads to lower
levels of cumulative second-dose completions and the level
of full protection.

To better explore the trade-off between first and second
doses, let us consider the case when the first and second
doses lead to efficacy levels of 1 − 𝜃1 and 1 − 𝜃2, respec-
tively, that is, the rate that an otherwise unimmunized person
being infected by COVID-19 drops from 𝜆 without vaccina-
tion to 𝜃1𝜆 after the first dose, and 𝜃2𝛾 after the second.11

For notational brevity, let 𝜁 = (𝜃2 − 𝜃1)∕(1 − 𝜃1). If the first
dose provides most of the protection, we have 𝜁 < 1 (e.g.,
for the case of Pfizer, where the efficacy rates are 1 − 𝜃1 =
0.423 and 1 − 𝜃2 = 0.047 after the first and second doses, we
have 𝜁 = 0.376∕0.577 = 0.652). Then, the efficacy-weighted
protection level P(t) measures the amount of protection pro-
vided by the vaccination program weighted by the strength of
protection:

P(t) = (1 − 𝜃1)𝜆P1(t) + (𝜃1 − 𝜃2)𝜆P2(t)

= 𝜆(1 − 𝜃1)(P1(t) + 𝜁P2(t)). (17)

Proposition 4. Switching from the stock-release policy
(vr

1(t), vr
2(t)) to the dose-stretching policy (Ls = mL) can

increase the efficacy-weighted protection P(t) over the cycle

[0, 2mL] if 𝜁 ≤ 2m

3(m−1)
.

Proposition 4 suggests dose stretching (i.e., by increasing m)
increases efficacy-weighted protection P(t) as long as 𝜁 is

below the threshold value
2m

3(m−1)
. The threshold value drops

as m increases, indicating dose stretching becomes less favor-
able as m increases. Recall from Section 3.3 that m = 4 under
the stretching policy for the Pfizer vaccine when the U.K.
government stretched the lead time from 3 weeks to 12.

The threshold value in Proposition 4 is
2m

3(m−1)
= 0.89 when

m = 4. Combine this observation with the fact that 𝜁 = 0.652

for the Pfizer vaccine, the condition 𝜁 ≤ 2m

3(m−1)
is satisfied
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so that the stretching policy adopted by the U.K. government
can generate a higher efficacy-weighted protection P(t) over
the release policy.

6 IMPLICATIONS OF AN
ALTERNATIVE SINGLE-DOSE VACCINE

Thus far, our model and analysis have been motivated by
three approved vaccines developed by Pfizer, Moderna, and
AstraZeneca that require two doses. Another COVID-19
vaccine, developed by Johnson & Johnson, was approved
for emergency use on February 27, 2021. Unlike Pfizer,
Moderna, and AstraZeneca, Johnson & Johnson ran its Phase
III trials based on a single-dose regimen, which achieved an
efficacy rate of 66%.12 Without the need to deal with the
second-dose timing issue, how would the single-dose vac-
cine perform relative to those two-dose vaccines? Clearly, if
the single-dose vaccine has a higher efficacy, it will domi-
nate the two-dose vaccine. However, the relative performance
becomes unclear when the single-dose vaccine (e.g., the
Johnson & Johnson vaccine) has a lower efficacy than the
two-dose vaccine.

We now compare the rollout dynamics Vi(t) and Pi(t) of
the single-dose regimen against the hold-back and stock-
release policies in this section. In preparation, observe
that when offered as a single-dose vaccine, all stock
can be immediately released (because the second dose
is no longer needed). Hence, this single-dose regimen
can be viewed as an extreme case of the stretching pol-
icy with lead time Ls = mL, where m = ∞. Hence, we
can apply the analysis of the stretching policy (see Sec-
tion 5) to examine the performance of a single-dose
vaccine.

Under linear supply growth, the vaccination rate associated
with a single-dose regimen satisfies vd(t) = y(t) = 1 + 𝛼t.
Using the same approach as presented in Sections 4 and 5 to
compare the vaccinated population and protection levels for
the single-dose regimen with the hold-back and stock-release
policies under the two-dose regimen, we obtain the following
proposition.

Proposition 5. Compared with the stock hold-back
policy under a two-dose regimen, the single-dose regi-
men increases the cumulative first-dose inoculations and
cumulative first-dose protection over a full cycle [0, 2nL)
by:

Vd
1 (2nL) − Vh

1 (2nL) = nL + 𝛼n2L2 > 0,

Pd
1(2nL) − Ph

1(2nL) = n2L2 +
2𝛼
3

n3L3 > 0.

(18)

Compared with the stock-release policy, the single-dose reg-
imen increases the cumulative first-dose inoculations and
cumulative first-dose protection over a full cycle [0, 2nL)

by:

Vd
1 (2nL) − Vr

1(2nL) = nL +
𝛼

2
(2n2 − n) > 0,

Pd
1(2nL) − Pr

1(2nL) =
n
2

L2 +
𝛼

2

[
4
3

n3 − n(n + 1)

]
L3 > 0.

(19)

From Proposition 5, we can see that the single-dose reg-
imen speeds up the buildup of protection. (Because only
one dose is administered under the single-dose regimen, our
results focus only on pertinent measures Vd

1 and Pd
1.)

However, as articulated above, when the single-dose vac-
cine has a lower efficacy rate than its two-dose counterparts,
the performance of the single-dose vaccine over the two-dose
vaccine is unclear. Specifically, even though the two-dose
regimen builds up protection more slowly, it can reach a
higher level of protection due to its higher efficacy. To eval-
uate this trade-off, we use the “efficacy-weighted” protection
level P(t) for the two-dose vaccine as defined in (17) in Sec-
tion 5 to define the corresponding Pd(t) for the single-dose
vaccine.

Recall from Section 5 that for the two-dose regimen, one
and two doses reduce the risk of infection by factors of 1 − 𝜃1

and 1 − 𝜃2, respectively, and 𝜁 =
1−𝜃1

𝜃1−𝜃2
reflects the relative

contribution of the first dose. Let 1 − 𝜃d be the efficacy
rate of the single-dose vaccine. To make a fair comparison

with a two-dose vaccine, we define 𝜁d =
1−𝜃d

1−𝜃1
. (For exam-

ple, the Pfizer vaccine has 𝜃1 = 0.423 and the Johnson &
Johnson vaccine has 𝜃d = 0.34 so that 𝜁d = 0.66∕0.577 =
1.14.) In addition, by using the results presented in Proposi-
tion 5, we can define the corresponding Pd(t) = Pd

1(t) for the
single-dose vaccine. The next proposition follows from direct
comparisons.

Proposition 6. Switching from the two-dose regimen under
the stock-release policy to the single-dose regimen can
increase the efficacy-weighted protection over the cycle
[0, 2nL) by

ΔPd(2nL) ≜ Pd(2nL) − Pr(2nL) = 𝜆(1 − 𝜃1)L2

×

[
2n2(𝜁d − 1) +

n − 1
2

+

(
1
2
−

3𝜁
4

)
(2n2 − 2n + 1)

]
+ 𝜆(1 − 𝜃1)

𝛼L3

12

[
(16𝜁d − 16)n3 − 12n + 6

+ (1 − 𝜁)(8n3 − 6n2 + 6n − 6)
]
.

(20)

A sufficient condition for this improvement to be nonnegative

is that 𝜁d ≥ 11

8
and 𝜁 ≤ 2

3
.
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Recall from above that for the two-dose regimen of the
Pfizer vaccine, we have 𝜁 = 0.652, and for the single-dose
regimen of the Johnson & Johnson vaccine, 𝜁d = 1.14. Even
though these values do not satisfy the sufficient condition in
Proposition 6, we can compute:

ΔPd(2nL) = 𝜆(1 − 𝜃1)L2(0.5n2 + 0.58n − 0.54)

+𝜆(1 − 𝜃1)
𝛼L3

12
(6.56n3 − 1.68n2 − 10.32 + 4.32).

(21)

We can check that the first term is positive for all n ≥ 1
and that the second term is negative when n = 1 and posi-
tive for n ≥ 2. When n = 1, the overall expression is positive
when 𝛼L ≤ 5.36. Because the supply rate is unlikely to grow
more than 5.36 times over lead time L, we are more likely
to observe that the Johnson & Johnson single-dose regimen
offers better cumulative efficacy-weighted protection than
the Pfizer vaccine under the stock-release policy for any n.
Overall, the above analysis suggests that the single-dose reg-
imen can underperform in the short run, but will eventually
outperform the higher efficacy two-dose regimen.

So far, we have obtained three key analytical results. First,
we show that the release policy can improve the cumula-
tive vaccination population and the cumulative protection
in Proposition 2. Second, we prove that the stretching pol-
icy can generate a higher efficacy-weighted protection P(t)

than the release policy in Proposition 4 when 𝜁 ≤ 2m

3(m−1)
.

Third, we show that a single-dose vaccine with a lower
efficacy can outperform a two-dose vaccine in terms of a

higher efficacy-weighted protection when 𝜁d ≥ 11

8
and 𝜁 ≤ 2

3
in Proposition 6. Besides the performance measures V(t)
and P(t), one should evaluate and compare the symptomatic
infection rate, hospitalization rate, and the mortality rate of
different groups of people across all policies over time. To
do so, we present a variant of the SEIR epidemic model to
examine these issues numerically in the next section.

7 EVALUATING ROLLOUT POLICIES
VIA AN SEIR MODEL

In this section, we simulate the pandemic trajectories under
the four rollout policies: (1) the stock hold-back policy
(vh

1(t), vh
2(t)), (2) the stock-release policy (vr

1(t), vr
2(t)), (3) the

dose-stretch policy (Ls = mL with m > 1), and (4) the alter-
native single-dose vaccine. We begin by presenting our SEIR
epidemic model in Section 7.1. In Section 7.2, we simu-
late the rollout policies for the “baseline case” in which the
parameter values are listed in Table OA1 of the Support-
ing Information. To analyze the robustness of our simulation
results, we conduct sensitivity analyses with respect to age
composition in Section 7.3, risk-based vaccine prioritization
in Section 7.4, vaccine supply disruption in Section 7.5, and
the basic reproductive number (R0) in Section 7.6. We cau-
tion that, as our simulation parameters are calibrated to data

obtained on the original strain of the vaccines and the earlier
(e.g., Alpha) variants, the results do not necessarily reflect
the effects of future variants. Yet, the same methodology
developed in our paper supports new analysis using actual
or estimated parameters associated with future variants.

7.1 SEIR model

We present a compartmental SEIR epidemic model to cap-
ture the evolution of the COVID-19 pandemic and the vaccine
rollout dynamics. Using this SEIR model, we evaluate differ-
ent rollout policies by comparing three performance metrics,
including symptomatic infections, hospitalizations, and mor-
tality. These metrics provide an epidemiological perspective
and complement the operational perspective presented in
Sections 4 to 6.

7.1.1 Risk groups and vaccination states

To capture various age-dependent factors such as hospital-
ization rate, mortality rate due to COVID, and frequencies
of social contact, we consider a population of size N (e.g.,
the U.S. adult population) that consists of a high-risk group
H (e.g., the population aged 65 and above) of size NH and
a low-risk group L (e.g., the population under the age of
65) of size NL; this setting is consistent with the literature
on modeling compartments with age groups (e.g., Longini
et al., 1978). Based on the U.S. demographics, we normal-
ize the adult population to 100 and set NH and NL to 13
and 87 (according to the profile of the adult population in
the United States), respectively. To incorporate the vaccina-
tion status of the two-dose regimen, we denote by (i, k) each
individual’s type, where i ∈ {H,L} is the risk group and k ∈
{0, 1, 2} is the number of vaccine doses that the individual has
received.

7.1.2 Compartments

In line with Keskinocak et al. (2020), an individual of
type (i, k) is in one of the following eight compartments at
any time t: susceptible (Sik(t)), exposed (Eik(t)), infectious
and presymptomatic (IPik(t)), infectious and asymptomatic
(IAik(t)), infectious and symptomatic (ISik(t)), hospitalized
(Hik(t)), recovered (Rik(t)), or deceased (Dik(t)). By con-
sidering this expanded set of states instead of the standard
infectious and recovered compartments, our model captures
key features of the COVID-19 pandemic such as asymp-
tomatic transmission and the demand on the healthcare
system due to hospitalization. With two risk groups (i), three
vaccination states (k), and eight compartments for each indi-
vidual type (i, k), our SEIR model comprises a total of 48
compartments. Figure 1 illustrates our SEIR model for group
i ∈ {H,L}.13
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F I G U R E 1 An expanded SEIR model for group i ∈ {H,L}. The downward arrows (in blue) indicate the change in vaccination status. 𝜙 = 1 if∑
i,k Hik ≤ K and 𝜙 = 𝜅 otherwise. [Color figure can be viewed at wileyonlinelibrary.com]

7.1.3 Transition between compartments

For each individual of type (i, k), we explain in Section
OA2 of the Supporting Information about how we deter-
mine the transition rate from one compartment to a different
compartment as depicted in Figure 1. In particular, COVID
transmissions depend on the numbers of infectious and sus-
ceptible individuals, their transmissibility and susceptibility
(which depend on their vaccination status), and the frequen-
cies of social contact between the two age groups as governed
by a “contact matrix” (Bubar et al. 2021).

After contracting the virus, individuals will go through the
exposed and presymptomatic stages, at the end of which they
will either develop symptoms or remain asymptomatic, gov-
erned by the age- and vaccination-dependent probabilities.
Those who are symptomatically infected will be hospital-
ized (and if so, recover or die) according to the age- and
vaccination-dependent probabilities. We calibrate different
age- and vaccination-dependent parameter values using the
CDC data and the recent literature and summarize the values
in Table OA1 of the Supporting Information.

In addition to the transition rates among different com-
partments, our SEIR model depicted in Figure 1 captures
the impact of the healthcare system utilization on mortality
rate. Specifically, as more patients are hospitalized, critical
facilities (e.g., intensive care units) become overloaded and
mortality rates increase substantially (Wilde et al., 2021).
Details of our mortality rate formulation are provided in
Section OA2 of the Supporting Information.

7.1.4 The role of vaccination

To evaluate different vaccine rollout policies via the SEIR
model for an individual type (i, k) as depicted in Figure 1, we
can use the vaccination rates vk(t) (k = 1, 2) under each roll-
out policy presented in Section 4 to 6 as the key inputs for our
SEIR model. In doing so, we can determine the correspond-
ing transition rates between compartments associated with
different vaccination status (e.g., from Si0(t) to Si1(t) after

receiving the first vaccine dose). Based on the system dynam-
ics captured by our SEIR model, we simulate the following
three performance metrics for each risk group i = H,L, under
all four aforementioned rollout policies: (1) the number of

active symptomatic infections: ISi(t) =
∑2

k=0 ISik(t), (2) the

number of active hospitalizations: Hi(t) =
∑2

k=0 Hik(t), and

(3) the cumulative number of deaths: Di(t) =
∑2

k=0 Dik(t). In
the following subsections, we compare the simulated perfor-
mance metrics ISi(t), Hi(t), and Di(t) via our SEIR model
across all four rollout policies.

We simulate our SEIR model over a 1-year horizon. The
parameter values and the settings of the simulation are sum-
marized in S. Consistent with our theoretical analysis in
the previous sections, we consider a supply function that is
growing linearly unless otherwise specified.

7.2 Baseline case

We begin our numerical examples by simulating the per-
formance of the rollout policies under the baseline case;
all the parameter values are listed in Table OA1 of the
Supporting Information.

Recall from Section 4 to 6 that v1(t) and v2(t) denote the
rate of vaccine doses to be given as first and second doses
at time t, under the hold-back, release, stretch, or single-dose
policies. To determine who receives the vaccines, we consider
a simple proportional allocation rule between the high- and
low-risk groups, for example, 𝜋 ⋅ vk(t) and (1 − 𝜋) ⋅ vk(t) of
dose-k supplies (k = 1, 2) are allocated to the high- and low-
risk groups at any time t, respectively. In the baseline case, we
have 𝜋 = 1 (i.e., 100% of supply is given to eligible high-risk
individuals until they have all been vaccinated). This is con-
sistent with the strict age-based rollout practice in countries
such as the United States and the United Kingdom. In Sec-
tion 7.3, we shall consider an alternative case with a lower
value of 𝜋 for comparison.

Figure 2 shows the SEIR simulation results for the base-
line case when we scale the population size N = 100. The
panels plot the number of active symptomatic cases (left),
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F I G U R E 2 SEIR simulation results under baseline case [Color figure can be viewed at wileyonlinelibrary.com]

hospitalizations (middle), and cumulative deaths (right), for
the high-risk group (top), low-risk group (middle), and total
population (bottom). Because the size of the population is
normalized to 100, the vertical axes represent the percent-
age of the total population in each status of interest. In
each panel, the four rollout policies are compared against the
no-vaccination benchmark (solid line in black).

From the top panels of Figure 2, we find that vaccination
is highly effective in reducing symptomatic cases, hospital-
izations, and deaths for the high-risk group. Under all four
rollout policies, each of these key metrics are reduced by
at least 75%, compared with the no-vaccination benchmark.
In comparison, the corresponding reductions are smaller for
the low-risk group, due to prioritizing the high-risk group
and the overall larger population of the low-risk group (thus
taking longer to get vaccinated). For the whole population,
due to strict priority of vaccinating the high-risk group (i.e.,
𝜋 = 1), the reduction in deaths (i.e., 69%, 72%, 75%, and
76% for the hold-back, release, stretch, and single-dose poli-
cies, respectively) are more substantial than the reductions
in hospitalizations (i.e., 48%, 51%, 57%, and 51%, respec-

tively) and in symptomatic infections (i.e., 26%, 29%, 39%,
and 39%, respectively).

Consistent with the implications from our analytical find-
ings, Figure 2 shows that both the stretching policy and
the single-dose regimen are effective in accelerating vaccine
impact and reducing symptomatic infections, hospitaliza-
tions, and mortality. The release policy also outperforms the
hold-back policy in all three metrics, although the difference
is modest in the baseline case.

7.3 Age composition

We now evaluate how the demographic composition may
influence the choice of rollout policies. Since hospitalization
and mortality risks of COVID are highly dependent on age,
the pandemic impact on relatively younger (e.g., in India and
South Africa, with a median ages of about 28) and older (e.g.,
in the United States, with median age of about 38) popula-
tions can differ significantly. All else being the same, we now
change NH to half as in the baseline case (so that 6.5% of the
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F I G U R E 3 SEIR simulation results with younger population [Color figure can be viewed at wileyonlinelibrary.com]

total population is above 65, compared with 93.5% below 65)
so that the resulting population is younger. Figure 3 depicts
our results.

Figure 3 resembles the baseline case as reported in Figure 2
in terms of, for example, the effectiveness of the stretching
policy and the single-dose regimen. Observe from Figure 3
that even in a younger population with a 6.5% high-risk pop-
ulation, vaccination reduces mortality significantly—the four
policies achieve a mortality reduction from 68% (hold-back
policy) to 72% (stretching policy). Despite similar percent-
age reductions in mortality compared to the baseline case
(Figure 2), the absolute number of deaths is considerably
lower because we consider a younger population. However,
this is not the case for the other two key metrics, as the
younger population records similar absolute levels of symp-
tomatic cases and hospitalizations as the older population.
This is due to the fact that most symptomatic cases and about
half of hospitalizations are associated with the low-risk group
due to its higher transmission rate (albeit lower mortality
rate).

Interestingly, Figure 3 shows that, relative to the stretch-
ing policy, the single-dose regimen does not perform as well
when the population is younger. Specifically, the single-dose
regimen reduces peak symptomatic cases, peak hospitaliza-
tions, and cumulative mortality by 38%, 46%, and 69%,
respectively. However, it is outperformed by the stretching
policy, which reduces the three key metrics by 43%, 52%,
and 72%, respectively. In terms of preventing mortality, the
single-dose regimen performs worse than the release policy
(71% reduction) and is similar to the hold-back policy (68%
reduction). The reason is that, when the high-risk group is
relatively small, the main advantage of the single-dose reg-
imen (i.e., rollout speed) becomes less appealing, whereas
its weakness (i.e., lower efficacy, especially in preventing
infections) becomes more pronounced.

This observation has important practical implications.
Prior to the halt of the Johnson & Johnson vaccine in the
United States due to blood clot concerns, its “one-and-done”
logistical convenience was considered highly promising for
younger age groups (Dai et al., 2021). Various countries
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F I G U R E 4 SEIR simulation results with 𝜋 = 0.5 [Color figure can be viewed at wileyonlinelibrary.com]

have since refocused the rollout of Johnson & Johnson
to older age groups on the basis of lower blood clot
risks (Strauss, 2021). Our findings suggest that doing so
is sensible logistically and epidemiologically as well, since
the single-dose regimen would perform better in an older
population.

7.4 Risk-based prioritization

In the baseline case (Figure 2), we have set 𝜋 = 1 (i.e., 100%
of supply is given to eligible high-risk individuals until they
have all been vaccinated). In this subsection, we compare this
with an alternative case that has 𝜋 = 0.5 (i.e., half of the sup-
ply is allocated to the high-risk group of age above 65 and
the remaining half is allocated to the low-risk group of age
below 65). Because the low-risk group has higher frequen-
cies of social contacts than the high-risk group, the alternative
case is intended to examine the impact of allocating some
vaccine to the low-risk group earlier as a mechanism to curb
the infection rates.

Figure 4 plots the simulation results for the alternative
case with 𝜋 = 50% priority for the high-risk group. Despite
a different vaccine priority rule, Figure 4 resembles Figure 2
in that the single-dose regimen and stretch policies are the
most effective in reducing symptomatic infections, hospital-
izations, and mortality. In addition, we observe from Figure 4
that the effects of vaccination are abated for the high-risk
group and improved for the low-risk group under 50% prior-
ity, compared with the baseline case (Figure 2), which strictly
prioritizes the high-risk group. Because most deaths arise
from the high-risk group, this leads to higher overall mor-
tality (bottom-right panel) under the release and hold-back
policies. On the other hand, because most symptomatic cases
arise from the low-risk group that has a larger population size
and more social contacts, a less stringent risk-group prior-
ity leads to fewer symptomatic cases, and a similar or lower
number of hospitalizations.

Our findings reflect an important trade-off. Notwithstand-
ing the importance of protecting the most vulnerable people
by prioritizing the high-risk group, a strict priority (e.g., the
appointment system in the United Kingdom, where younger
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age groups cannot make bookings until the majority of
older age groups receive their vaccines) can be inefficient in
containing the spread of the pandemic due to the more fre-
quent social contacts of younger age groups. This is because
the vaccines (e.g., Pfizer and AstraZeneca) have significant
effects on not only preventing infections, but also reducing
infectiousness of those who get infected despite vaccinations,
as found by Public Health England (Harris et al. 2021) in
the U.K. rollout. Many countries and regions, including vari-
ous states of the United States, also prioritize the vaccination
of younger individuals in high-contact essential professions,
such as public transit drivers, delivery drivers, and postal
service workers, together with the elderly; vaccinating them
helps prevent secondary infections.

Furthermore, we notice that the differences (in all three
key metrics) between the rollout policies become more pro-
nounced under less stringent (50%) priority. In particular,
the single-dose regimen and the stretching policy, which are
effective in accelerating vaccine coverage, become relatively
more beneficial when supply is split between the risk groups.
This is intuitive, because splitting supply leads to fewer doses
available for the high-risk group, which in turn heightens the
importance of rollout efficiency. On the whole, we find that
both the stretching policy and single-dose regimen offer good
trade-offs under the 50% priority case: These policies lead to
lower symptomatic cases (46% and 50% reduction from the
no-vaccination benchmark, respectively, compared with 39%
and 39% under strict priority), and a similar number of hospi-
talizations (58% and 63% reduction from the no-vaccination
benchmark, respectively, compared with 57% and 55% under
strict priority) through preventing transmissions, and record
similar mortality figures (71% and 76% reduction from the
no-vaccination case, compared with 75% and 76% under
strict priority) thanks to accelerated build-up of protection for
the high-risk group.

7.5 Supply disruptions

So far, our analytical model and simulation analysis are
based on the assumption that the supply process is smooth.
However, the supply of the COVID-19 vaccines is subject
to disruptions to the production14 or distribution process.15

We conduct additional simulations to examine the perfor-
mance of all four rollout policies in the presence of potential
supply disruptions.

We simulate a scenario with production hiccups occurring
at the initial stage of vaccine rollouts. In particular, the supply
rate is assumed to be growing linearly, as explained earlier.
However, the supply rate y(t) suffers from two disruptions
occurring on Days 81–110 and Days 141–170, during which
the supply rate is decreased to half of the initial rate. Figure 5
depicts our simulated results.

Figure 5 shows that under supply disruptions, the results
obtained from the baseline case continue to hold: The single-
dose regimen and stretch policies are most effective. Because
rollouts prioritize the high-risk group, it is natural that the

improvements for the low-risk group are limited with lumpy
supply. Overall, substantial reduction in mortality can still be
achieved, especially under the stretching policy or the single-
dose regimen policy.

We also observe that the qualitative insights from the base-
line case with smooth supply (Figure 2) remain intact; that
is, the single-dose regimen and stretch policies help prevent
mortality better (by 47% and 44% compared with the no-
vaccination case) than do the release and hold-back policies
(39% and 34% reductions, respectively). These figures sug-
gest that the performance gaps between the policies become
more pronounced during supply disruptions, because mak-
ing full use of the limited (and unreliable) supply to build
up protection becomes more essential.

7.6 Basic reproduction number (R0)

Finally, we evaluate the impact of the speed at which the
pandemic propagates, as measured by the basic reproduction
number R0. In the COVID-19 pandemic, the R0 number could
change due to the rise of more transmissible variants or the
relaxation of social distancing measures. In Figure 6, we con-
duct our simulation based on the case when R0 = 1.8, which
is higher than the baseline case that has R0 = 1.5 (Figure 2).

Figure 6 reveals that whereas all key metrics have wors-
ened under faster transmissions, the results obtained from
the baseline case continue to hold qualitatively. Figure 6
also offers insights similar to those from the case with sup-
ply disruptions (Figure 5). In particular, vaccine rollouts
mostly improve the key metrics for the high-risk group and
show limited benefits for the low-risk group. Overall, we
observe significant improvements in mortality reduction—
by 57%, 52%, 42%, and 36% under the single-dose, stretch,
release, and hold-back policies, respectively. Comparing
these figures with those in the baseline case (which range
from 69% to 76% reduction across the policies), we observe
that under a higher R0, choosing the right rollout policy has a
greater impact on reducing mortality.

The reason that the high R0 and the supply disruption cases
are qualitatively similar is that vaccination outcomes depend
on the relative speeds of the pandemic and of vaccine rollout.
When supply is lumpy or when R0 is high, vaccination rollout
lags behind the pandemic spread, and thus the rollout poli-
cies that accelerate protection (i.e., single-dose and stretching
policies) perform relatively better in preventing mortality of
the high-risk group and thus the total population.

8 CONCLUSIONS

Rolling out a two-dose COVID-19 vaccine such as that devel-
oped by Pfizer offers a rare and compelling research context
for examining the impact of different inventory control poli-
cies (i.e., hold-back, releasing, and stretching) on public
health. We develop a modeling framework of a vaccine roll-
out process and complement it with an SEIR model to capture



16 MAK ET AL.Production and Operations Management

F I G U R E 5 SEIR simulation results with supply disruptions [Color figure can be viewed at wileyonlinelibrary.com]

the disease transmission process. We compare—both ana-
lytically and numerically—various vaccine rollout policies,
including (1) holding back all the second doses, (2) releasing
all the doses, and (3) stretching the lead time between two
doses. We also examine the rollout of a single-dose vaccine
with a lower efficacy level than its two-dose counterparts.

Our key findings are threefold. First, one might expect
releasing all the second doses would lead to an oversized
effect in slowing down the pandemic. Our analytical results
show that compared with the hold-back policy, releasing
doses does help slow down infections and end the pandemic
sooner; we numerically show that such an impact can be
modest. This result is in part due to the fact that releasing
more first doses also necessitates more second doses in the
future; we show that even if one intends to release all sec-
ond doses, fewer than half of the available doses can be used
for first-dose appointments to avoid delays in administer-
ing the required second doses, regardless of how fast supply
grows over time. Second, stretching the between-dose lead
time helps reduce mortality as well as infections and hospi-
talizations (more than under the strategy of releasing second

doses). Third, a single-dose vaccine, even with an overall effi-
cacy significantly lower than its counterparts, can be more
effective in infection control.

It should be acknowledged that the logistics parameters of
vaccine regimens (i.e., one or two doses, recommended lead
time) depend on the design of trials and the data presented for
regulatory approval. For instance, the fact that Pfizer requires
two doses but Johnson & Johnson requires only one is pri-
marily due to how the respective trials were designed and
thus how the specific regimens were approved, but is not
necessarily reflective of the differences in the science of the
vaccines.16 In this sense, our results underline the importance
of taking the operational aspect of the rollout process into
consideration when designing clinical trials.

Our model has several limitations that can serve as sub-
jects for future research. First, COVID-19 vaccine rollouts
inspire future research into a wide range of operational and
logistics issues specific to vaccine administration, including
cold chain management, inventory management, and manu-
facturing capacity planning (Dai & Song, 2021). One partic-
ularly interesting area of research entails incorporating and
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F I G U R E 6 SEIR simulation results with R0 = 1.8 [Color figure can be viewed at wileyonlinelibrary.com]

managing the uncertainty associated with the number of
doses that can be extracted from each vial. Second, as Mak
and Tang (2021) note, no-shows for second-dose appoint-
ments may worsen when the time interval between two doses
is stretched from 3 weeks to 12 weeks for a variety of reasons,
including, for example, the perception that the second dose
provides limited incremental benefit due to the stretching. To
incorporate potential no-shows, one may extend our SEIR
model by adding a new parameter capturing the reduction in
the second-dose vaccination rate. Third, we consider in this
paper a time horizon long enough that the pandemic subsides.
One related matter that we do not consider is the possibil-
ity of waning vaccine effects, which could affect infections
beyond the time horizon. Lastly, several highly contagious
new variants of SARS-CoV-2, the virus causing COVID-
19, have been found in various countries. Examining other
rollout policies that can expedite herd immunity even more
quickly to reduce the spread and mutation of the virus would
be of interest.

Our modeling framework represents an initial attempt
to examine different vaccine rollout policies under limited

supply. In addition to helping inform vaccine rollout policy-
making, our modeling framework can be applied to analyze
similar issues facing local vaccination planners and health
systems leadership in both the current and future epidemics.
At the global level, our work draws from the experience of
the E.U., the United Kingdom, and the United States. Yet,
our results have important implications for vaccine planning
in various countries, especially because developing countries
are expected to face extremely limited vaccine supply up to
2023 (Hopkins, 2021). More broadly, our paper sheds light on
how to develop effective operations strategies for distributing
time-sensitive resources in times of crisis.
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E N D N O T E S
1 Throughout the paper, for brevity, we refer to the Pfizer/BioNTech vac-

cine as the Pfizer vaccine. Similarly, we refer to the AstraZeneca/Oxford
vaccine as the AstraZeneca vaccine.

2 The U.S. Food and Drug Administration (FDA) has only authorized the
use of two specified doses of both Pfizer and Moderna vaccines at specified
intervals—a 3-week interval for the Pfizer vaccine and a 4-week interval
for the Moderna vaccine. See https://www.fda.gov/news-events/press-
announcements/fda-statement-following-authorized-dosing-schedules-
covid-19-vaccinesfor details.

3 Besides tractability, the deterministic production rate is a reasonable
assumption for the following reason: The production process for the Pfizer
and the Moderna vaccines is relatively stable, because the process involves
converting DNA into mRNA rather than growing cells in a bioreactor
(Boseley, 2021).

4 The recommended lead time L = 21 days for the Pfizer vaccine, and
CDC guidelines in 2021 allow for a grace period of 4 days earlier than
the recommended date, see https://www.cdc.gov/vaccines/covid-19/info-
by-product/clinical-considerations.htmlfor details. In February 2022,
the CDC modified its recommended lead time to 8 weeks for 12- to
64-year-olds, particularly males aged 12 to 39 (https://khn.org/morning-
breakout/cdc-advising-some-to-wait-8-weeks-between-doses-of-mrna-
vaccines/). Despite these new guidelines, our modeling framework and
approach are applicable to any lead time L and any number of doses.

5 To isolate the effect of different vaccine rollout policies, we do not model
the issue of setting up a physical infrastructure (i.e., location and the
size of vaccination sites) or mobilizing personnel (controlled by FEMA,
state/county governments, or local healthcare providers) to administer vac-
cines. Instead, we abstract away those issues and assume all policies will
be operated under the same environment.

6 We use the superscripts h, r, and s to denote the hold-back, release, and
stretching policies, respectively.

7 Though small amounts of smoothing stock will still be kept in reality, we
ignore this fact in our model for simplicity.

8 This alternating pattern has been observed in various parts of the
world. For example, in early February 2021, COVID-19 vaccine sites
in Los Angeles County postponed first-dose appointments and only
administered second doses to returning recipients; see http://cbsloc.al/
3bo5uiSfor details.

9 In the case in which m = 1, the stretching policy reduces to the release
policy. For practicality of implementation, we restrict m to being integer-
valued. For example, the U.K.’s dose-stretching policy increases the lead
time from L = 3 weeks to Ls = 12 weeks, that is, m = 4.

10 For tractability, we consider the linear case. However, one can use the same
approach to examine the case of a nonlinear production rate numerically.

11 For example, the Pfizer vaccine offers 57.7% and 95.3% efficacy levels
after the first and second doses; thus, 𝜃1 = 0.423 and 𝜃2 = 0.048 (Haas
et al., 2021).

12 In late January 2021, Johnson & Johnson announced the Phase III trial
results of its single-dose COVID-19 vaccine with a relatively lower effi-
cacy (66% worldwide and 72% in the U.S. trial). However, this vaccine
has major operational advantages. In particular, it has a less stringent tem-
perature requirement than the Pfizer vaccine and only requires a single
dose. Thus, it circumvents the trade-off between offering first and second
doses.

13 We assume the time horizon to be short enough so that individuals
do not move from the low- to high-risk group and vice versa (their
underlying health status does not change). Therefore, the two groups inter-
act only through sharing the same vaccine supply and hospitalization
capacity.

14 For example, the AstraZeneca vaccine faces an uncertain yield due to
uneven cell growth in bioreactors.

15 Disruption can occur due to weather conditions as experienced in the
United States during the snow storm in February.

16 The authors acknowledge Andrew Pollard of the University of Oxford for
this important insight.
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Arifoğlu, K., Deo, S., & Iravani, S. (2012). Consumption externality and yield

uncertainty in the influenza vaccine supply chain: Interventions in demand
and supply sides. Management Science, 58(6), 1072–1091.
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