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Abstract

Amid the prolonged COVID-19 pandemic, the miraculous breakthroughs of multiple effective and safe COVID-19 vaccines
offer hopeful prospects. Yet, the endgame of the pandemic is not vaccines; it is vaccination. The daunting challenge of
vaccinating the world offers ample investigative opportunities for management scientists who are interested in improving
the efficiency and equity of vaccine supply chains. In this article, we provide a brief overview of these opportunities through
three constituent parts: (1) supply, (2) demand, and (3) matching supply with demand.
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1 Introduction

As of May 21, 2021, the COVID-19 pandemic had claimed
more than 3.4 million lives around the globe, including over
half a million in the U.S. [1]. Despite these dark statistics,
glimmers of hope have appeared via the miraculous
breakthroughs of multiple effective and safe COVID-19
vaccines that were developed with record speeds.

However, the endgame of the COVID-19 pandemic is not
vaccines; it is vaccination. In the U.S., by the end of 2020,
only 2 million doses had been administered, significantly
lower than the target of 20 million doses, even though by
that time, 14 million doses had been produced and had left
the doors of the manufacturing facilities. Nursing homes,
where nearly 40% of COVID-19 deaths occurred, have
experienced particularly slow rollouts. Only one state, West
Virginia, completed the first round of vaccination in nursing
homes by the end of 2020, far behind the original target
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of vaccinating everyone in nursing homes by Christmas of
2020 [2].

By May 2021, several countries, including Canada,
Israel, the U.K., and U.S., have vaccinated more than 40%
of their populations, yet 90 countries have administered
fewer than 10 doses per 100 people. In this Current Opinion
article, drawn from our observations and ongoing research,
we focus on research opportunities arising from COVID-
19 vaccination in the U.S., which will help inform planning
to address the daunting challenge of vaccinating the rest
of the world.! We briefly describe and summarize such
opportunities through three constituent parts: (1) supply, (2)
demand, and (3) matching supply with demand.

2 Supply
2.1 Vaccine production

In December 2020, two COVID-19 vaccines, developed by
Pfizer/BioNTech and Moderna, were authorized for emer-
gency use in the United States. Both the Pfizer/BioNTech
and Moderna vaccines require two doses and have more
than 90% effectiveness levels in preventing symptomatic
COVID-19. Both are messenger RNA (mRNA) vaccines,
a new type of vaccine that had never been approved for
widespread human use. Scaling up production capacity for
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this new type of vaccine is a major challenge and takes
time. Notably, any modification of the production processes
to increase their capacity requires regulatory approvals,
which surely causes delay during which production capac-
ity may temporarily decrease [3]. An important research
question is: When to expand capacity and how much?
The inter-temporal tradeoff (lower short-term capacity vs.
higher future capacity) is complicated by the urgency of
COVID-19 vaccination and the uncertain timing and out-
come of the regulatory decisions. In addition, the progress
of the COVID-19 pandemic may also influence the capac-
ity expansion decision. How should these decisions be made
as relevant events unfold over time? One possibility is to
construct a Markov chain to capture the evolution of exter-
nal factors and establish planning according to the state
of the Markov chain; see [4, 5] for example. In addition,
researchers can explore ideas such as co-production [6] and
market design [7] to incentivize manufacturers to boost their
production capacity.

2.2 Cold chain management

The Pfizer vaccine requires minus-70 degrees Celsius for
long-term storage [8]. Other than academic medical centers,
very few healthcare providers have the type of ultra-cold
freezers to meet the temperature requirement. Pfizer has
developed a thermal shipping box that can be stored at
room temperature for up to 10 days, but the shipping box
requires adding dry ice every five days afterwards. The
Moderna vaccine has a more forgiving storage requirement,
but still requires cold storage (between 2 and 8 degrees
Celsius) [8]. The preparation and administration of these
vaccines are also unusually delicate — both the Pfizer
and Moderna vaccines have to be used within 6 hours
once prepared; unused doses must be discarded.” Many
challenging operational questions arise. For example, when
should a “pizza box” of the Pfizer vaccine be opened for
such a perishable product? On one hand, it is urgent that
people with critical needs should receive the vaccine. On
the other hand, it remains uncertain what proportion of
the eligible population groups will show up during the
vaccine’s shelf life once the “pizza box” has been opened.
The expired doses are extremely costly because the vaccine
is such a scarce resource that the majority of the people
are eager to get their turn to be eligible to receive it.
How should one model the objective of this problem? With
potential no-shows in mind, is the problem the same as
the traditional newsvendor problem? Can we learn from the
airline’s revenue management practice of “overbooking” but
with strict priority for those eligible? How to incorporate
equity considerations? These questions may also be jointly

Zhttps://www.immunize.org/catg.d/p3210.pdf
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considered with the issues discussed in Section 4.4. below.
In addition, how should the short shelf life be taken into
account? To what extent can one find inspiration from
and potentially extend the classical literature on perishable
inventory management (see, e.g., [9, 10])?

2.3 Vaccination tools

In addition to capacity limitations of manufacturing these
vaccines, shortages of needles and syringes can also limit
vaccine supply. For example, Pfizer/BioNTech originally
indicated that each of its vials contains five doses of
COVID-19 vaccine. Yet more efficient syringes, known as
low dead space (LDS) syringes, can help extract six doses
out of each vial, thus increasing the effective number of
doses by 20% [11]. However, the production capacity of
LDS syringes is limited and ramping up the capacity in the
short term is challenging [11]. Each of the smallest packages
of the Pfizer vaccine — also known as a “pizza box” —
contains 195 vials that is enough for between 975 and 1,170
doses, depending on the syringes/needles combination and
the skill level of vaccinators [12]. The uncertain number of
doses creates difficulty in the scheduling process, giving rise
to opportunities to examine research questions such as how
many appointment slots should be made available (in the
same spirit as data-driven newsvendor-like problems such
as that examined in [13] and [14], except that it is the supply
that is uncertain), when and how to notify and schedule
patients for appointments, how to schedule nurses who are
heterogeneous with respect to their skill levels, and how to
manage vaccination tools in mass vaccination clinics.

3 Demand
3.1 Variability and eligibility

Demand for the COVID-19 vaccines is expected to far
outstrip supply for a long time [6]. However, demand
variability means vaccine wastage is a real possibility given
the delicate process of administering an mRNA vaccine.
What worsens the issue of demand variability is the priority
scheme recommended by the U.S. Centers for Disease
Control and Prevention (CDC), which is more nuanced
than the largely age-based prioritization used in the U.K.
and Israel. The well-meaning CDC priority scheme is
hard to implement in practice, in part due to the highly
fragmented U.S. healthcare system that makes it difficult
to exchange medical records (e.g., history of high-risk
medical conditions) and verify the eligibility of vaccine
recipients. On one hand, in many hospitals, non-qualifying
employees were reported to have received vaccines [15].
On the other hand, efforts aimed at enforcing the scheme
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have backfired and led to vaccine wastage: some hospitals
opted to discard thousands of doses when fewer people
than expected showed up to receive vaccines [16]. The
operations management literature on rationing (see, e.g.,
[17, 18]) rarely incorporates considerations such as fairness
and equity. Building on the literature along similar themes
such as organ transplantation (see, e.g., [19]), researchers
can examine the optimal eligibility criteria under limited
vaccine supply by accounting for the complexities in
vaccine administration.

3.2 Vaccine hesitancy

Vaccine hesitancy is another factor contributing to demand
variability. A Gallup poll in December 2020 found that
63% of Americans were willing to receive a COVID-19
vaccine [20]. Even healthcare workers are not immune to
vaccine hesitancy: a Kaiser Family Foundation study [21]
found 29% of healthcare workers were vaccine hesitant,
slightly higher than the figure for the general population
(27%). In particular, in many nursing homes, most employ-
ees turned down COVID-19 vaccines [22]. Researchers can
build on the operations management literature on vaccine
hesitancy (see, e.g., [23, 24]) to address new issues arising
from COVID-19 vaccination, such as how vaccine hesitancy
evolves over the course of a pandemic. In addition, among
those willing to be vaccinated, certain individuals have
exhibited strong preference for one type of COVID-19
vaccines (e.g., the Pfizer/BioNTech vaccine) over another
(e.g., the Johnson & Johnson vaccine), a unique phe-
nomenon arising from the COVID-19 pandemic [25, 26].
Given the expanding operations management literature that
examines both supply and demand uncertainty (see, e.g.,
[27-29]), incorporating vaccine hesitancy in vaccine plan-
ning and managing such hesitancy through nudging and
incentivization is an interesting area of future research.

4 Matching supply with demand
4.1 Distribution

Transporting, storing, and administering COVID-19 vac-
cines pose additional challenges. With the cold chain
requirements in mind (see Section 2.2), researchers can
examine a variety of research questions, including how to
allocate certain vaccines to different geographic regions
given the storage requirements and attributes of the popula-
tion (e.g., rural vs. urban), equity considerations, last-mile
infrastructure, and the storage capabilities of healthcare
providers. Such issues have been somewhat examined in
the related vaccine distribution literature, yet the COVID-
19 pandemic presents a unique situation with multiple safe

and effective vaccines. The multiplicity means vaccine dis-
tributors need to ensure individuals have access to multiple
options to avoid potential backlash triggered by limited
choices [26].

4.2 Vaccination capacity

Limited vaccine administration capacity had severely hin-
dered the vaccination rollout process in many U.S. states
in the early stages. For example, by January 15, 2021, one
month after the beginning of the COVID-19 vaccination
program, California had only administered 30% of its avail-
able doses, and was ranked the No. 2 worst-performing state
in the United States in terms of the percentage of doses that
were used. By contrast, a few states, such as West Virginia,
had used more than 80% of their doses (see our teaching
case [30] for details). They accomplished this by creatively
deploying various resources to expand the vaccination
capacity [2]. Many lessons learned from these practices fur-
ther show the value of resource flexibility, a long-standing
topic in the operations/manufacturing literature (see, e.g.,
[31, 32]). Researchers interested in this direction may enrich
this theory from the perspective of public and global health,
particularly in resource-constrained settings.

4.3 Inventory management

Because both the Pfizer and Moderna vaccines require two
identical doses, each dose of vaccine can be used as (1)
a first dose for a new recipient, (2) a second dose for
a recipient who has received his/her first dose, or (3) a
second dose for a future recipient. These three choices have
different infection control implications. Thus, managing
vaccine inventory has turned out to be a key policy decision.
The U.S. federal government initially held back 55% of
its inventory as reserve for second doses, which reduced
the number of available doses. Some (e.g., [33]) were in
favor of maintaining the reserve whereas others (e.g., [34])
believed excessive holding back is unnecessary. The U.S.
Department of Health and Human Services announced on
January 12, 2021, that it would release all of the second
doses. In the U.K., to maximize the number of first-dose
inoculations, the recommended lead time between two
doses has been stretched from three or four weeks (as
recommended by the manufacturers) to 12 weeks. Despite
the large body of inventory management literature (see [35]
for a comprehensive review), this type of problem has not
been examined and offers new research opportunities. Mak
et al. [36] model and compared different dose inventory
policies and show that releasing all the second doses leads
to scheduling difficulties and would only have a modest
benefit in reducing infections; stretching the lead time
has significant short- and mid-term benefits in reducing
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infections but may lead to more infections in the long-term.
Shumsky et al. 38 study a healthcare provider’s COVID-
19 vaccine inventory management problem and show that it
can be optimal for the provider to “set aside” some second
doses. Researchers may further analyze and predict the
effectiveness of alternative dosing strategies (e.g., skipping
the second doses; reducing the dosage of the first dose) by
incorporating richer considerations (e.g., mortality, severe
diseases, and hospitalizations).

4.4 Connecting supply with demand

How will people know when it is their turn to get COVID-
19 vaccines? This turns out to be a complex and confusing
issue in the U.S. Unlike the U.K., where the National Health
Service (NHS) manages a centralized vaccination process
and residents are notified by the NHS when it’s their turn
to get vaccinated, in the U.S., the decentralized healthcare
system means almost everyone — other than those working
for large healthcare systems and residing or working in
nursing homes — has to actively seek vaccination.

Most registration systems, managed by state or local
health departments, are “only as good as the buy-in” and
not capable of directing people to locations where inventory
is available [37]. Vaccine hotlines in many jurisdictions
stopped functioning, with some people reporting that they
have made hundreds of calls for a vaccine appointment
[39]. Although no formal research specific to COVID-19
vaccine appointments exists, Dai (2021b) [40] contends
that the traditional “pull” model, through which individuals
have to actively make vaccine appointments, is inefficient
and inequitable when demand far outstrips vaccine supply;
the proposed remedy — inspired by Israel’s “push” model
([41]) — entails a one-stop, end-to-end preregistration portal
through which individuals can join a centrally managed
waitlist and receive notifications when it is their turn.
Further research can draw from the vibrant market design
literature [42] to explore the most efficient and equitable
way to match the supply of and demand for vaccines.

5 Conclusions

COVID-19 vaccination presents a uniquely compelling
opportunity for management scientists to explore a vari-
ety of research topics that contribute to more efficient and
equitable vaccine distribution efforts. In this Current Opin-
ion article, we have drawn our observations mostly from
the U.S. setting and hence the case of distributing mRNA
vaccines. There are specific operations management lessons
that we can learn by understanding the reasons behind vary-
ing vaccination processes across different countries. Even
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within the U.S., cross-state disparities in terms of vacci-
nation efficiency and equity are worth examining. Such
lessons can enhance our understanding of best operations
management practices on a variety of levels, including nego-
tiation and contracting, prioritization policies, inventory
control, distribution strategy, appointment scheduling, and
demand management. As more countries are set to begin
or accelerate their COVID-19 vaccinations, researchers may
find some of the issues in this article relevant, and at the
same time, identify new research directions grounded in
diverse institutional settings.
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