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Countries around the world have observed reduced infections from the SARS-CoV-2
virus, that causes COVID-19 illness, primarily due to non-pharmaceutical interventions
(NPIs) such as lockdowns and social distancing measures designed to limit physical
proximity between people. However, economies and societal interactions require
restarting, and so lockdowns cannot continue indefinitely. Therefore, much hope is
placed in using newly developed vaccines as a route back to normality, but this
raises key questions about how they are shared. There are also emerging questions
regarding travel. For instance, international business and trade necessitates at least some
in-person exchanges, alongside restarting travel also for tourist purposes. By utilising
a Susceptible-Infected-Recovered-Vaccinated (SIRV) mathematical model, we simulate
the populations of two nations in parallel, where the first nation produces a vaccine and
decides the extent to which it is shared with the second. Overlaying our mathematical
structure is the virus-related effects of travel between the two nations. We find that even
with extensive travel, nation one minimises its total number of deaths by simply retaining
vaccines, aiming for full inoculation as fast as possible, suggesting that the risks posed by
travel can be mitigated by rapidly vaccinating its own population. If instead we consider
the total deaths i.e., sum of deaths of both nations, then such a policy of not sharing by
nation one until full vaccination is highly sub-optimal. A policy of low initial sharing causes
many more deaths in nation two than lives saved in nation one, raising important ethical
issues. This imbalance in the health impact of vaccination provision must be considered
as some countries begin to approach the point of extensive vaccination, while others
lack the resources to do so.
Keywords: medical ethics, infectious travellers, disease transmission, epidemiology, SARS-CoV-2, COVID-19,
vaccine, SIRV model

1. INTRODUCTION
Through 2020, countries across the world have worked to diminish the impact of the SARS-CoV2 virus and lower the related levels of COVID-19 illness (1). Initially, these control measures
have included the implementation of non-pharmaceutical interventions (NPIs) to keep people
apart, such as “social distancing” policies of limited socialising, or “lockdowns” whereby citizens
are instructed to remain at home. Such measures have been found to be broadly successful (2).
During the Northern Hemisphere Autumn period, there was a lifting of many aspects of lockdown
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and (3) the effects of different options for vaccine distribution. In
our conceptual modelling framework, we consider two nations,
“one” and “two” indexed by “1” and “2,” respectively, and
with populations N1 and N2 (people). Each nation has a virus
transmission rate β (new infections per day caused by an
infected individual in a completely susceptible population), and
an infected case fatality rate α, which is a fraction of those
currently infected. To account for travel between the two nations,
variable f2 is the fraction of the population of nation two visiting
nation one at any given time. Similarly, for opposite travel, f1 is
the fraction of nation one visiting nation two. Variables f1 and
f2 are considered invariant. The assumption is that the exchange
of people between the two countries, characterised by f1 and f2 ,
is continuous and so all people will be available in their own
nation at some point to receive any vaccine. We list all model
parameters in Table 1. The simulation framework has some
similarities to modelling different communities within a single
country and during lockdown, such as those who have essential
roles and continued to work, vs. those isolating [e.g., (13)].
Here, we are concerned with continuous travel-based exchange
between communities (i.e., two nations) and in parallel with
vaccine introduction.
We utilise a form of bulk compartmental model to describe
COVID-19 transmission. Such models have proven effective in
modelling the spread of infectious disease for almost a century,
since e.g., (14). Our first equation characterises the number of
susceptibles, S (people) in nation one (S1 ). The rate of change
of S1 in time t (specified as days since the start of vaccine
production), is given by Equation (1), and has four terms on
the right-hand side. The first describes the number of citizens
of nation one who become infected while located in nation one,
and this includes the impact of increased infection rates due
to visitors from nation two (i.e., the f2 I2 term). These people
leave the susceptibility group and enter the infectious group. The
second term is those from nation one, but visiting nation two,
and who become infected while overseas. The third is the reentry of those who have recovered from the illness, characterised
by rate of waning immunity, σ (day−1 ), and where R (people)
is the number who have recovered from COVID-19. A value of
σ = 0 is valid if it is found that those who have recovered from
the virus also have long-term complete immunity. We assume
in our main calculations full immunity (i.e., σ = 0), although
below in numerical results, we also perform a factorial simulation
with a small value σ > 0, based on emerging literature. The
last term is the impact of vaccination. Variable Q (vaccines
day−1 ) is the total number of vaccinations produced each day,
available for use in either nation one, nation two, or sharing
between the two countries. Available vaccines are assumed to
be used immediately, and distributed according to the fraction
of susceptible people and those who have recovered, R. Hence,
despite strong immunity, we additionally assume that out of
caution, the recovered group is offered and accepts vaccines.
Critically, for the analysis here, quantity ν1 (t) is the fraction of
vaccines retained for use by nation one, and that may vary in
time. It is different time histories of this variable, ν1 (t), that we
test for their impact in our simulation framework. These equation

across Europe, and societies were encouraged to reopen.
Although some social distancing measures remained in place to
lower transmission, in many instances the predicted possibility
of additional waves of infection (3, 4) occurred. In addition,
there is much confusion over whether it is safe to travel between
nations, resulting in rapidly changing policies of countryspecific travel restrictions because of concerns over importing
infections. Yet in one of the first papers to consider this,
Chinazzi et al. (5) find that restrictions on travel achieve only
small reductions in infections without additional actions to
limit transmission within countries. Travel remains essential in
a world composed of tightly interwoven economies. Exchange
visits remain important between nations that are trading
partners, and hence restrictions are detrimental to business
advancement. COVID-19, as expected, is proving especially
harmful to businesses that support travel, whether for work or
tourism purposes (6).
Toward the end of year 2020, multiple research centres
performed advanced stage trials of potential COVID-19 vaccines
[e.g., (7–9)]. In the United Kingdom for instance, approval
has been given for the vaccines produced by Pfizer/BioNTech
(10), AstraZeneca (11), and Moderna (12). However, vaccine
availability also raises new questions. Should a country discover
a safe vaccine, followed rapidly by mass production, a key
question is how should it be distributed? A reasonable working
assumption is that to reduce infections to levels that would
promote herd immunity and fade-out of disease, a substantial
fraction of inoculations will be given to citizens of the country
that developed the vaccine. If during vaccine production
and distribution, that country (nation “one”) also implements
measures to constrain infections while waiting for everyone to be
vaccinated, then people travelling from another country (nation
“two”) may be a concern. Such concerns will be warranted if
nation two places less emphasis on restricting the spread of
COVID-19. Additionally, the infections of citizens of nation
one are likely to increase as they visit nation two. Hence where
extensive trade-related travel exchanges between nation one and
nation two are critical, a fundamental question is whether it is
prudent for nation one to share vaccines with nation two before
nation one is fully vaccinated. A related question is whether more
lives are saved overall (i.e., considering the combined effect on
nation one and nation two) by the early sharing of vaccines.
Here we use a mathematical representation of virus transmission,
vaccine provision and sharing, and travel between two nations, to
investigate these questions.

2. GOVERNING EQUATIONS
2.1. Infections, Deaths, Vaccinations, and
Inter-Nation Exchange
Our aim is to provide a set of equations that are as simple as
possible, yet retain sufficient complexity that they can describe
three main effects of: (1) infection increases starting from low
case numbers (e.g., after the lifting of lockdown measures), (2)
travel between two nations and any related transfer of infections,
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TABLE 1 | Parameters and initial conditions used for our governing Equations (1)–(4) and (7)–(10), and in Figure 1.
Parameter symbol

Parameter name

Value

Units

β1
β2

Daily transmission rate, nation one

0.25

Day−1

Daily transmission rate, nation two

0.25

Day−1

f1

Fraction of nation one visiting nation two

0.2

f2

Fraction of nation two visiting nation one

0.2

γ

Recovery rate

0.2

Day−1

σ

Rate of waning immunity (zero implies continued full immunity)

0.0

Day−1

α

Infected case fatality rate

Day−1

0.005
1 × 10

6

Vaccines day−1

Q

Total vaccines produced per day

V1 (0)

Initial number of people vaccinated, nation one

0

People

V2 (0)

Initial number of people vaccinated, nation two

0

People

S1 (0)

Initial number of people susceptible, nation one

49 × 106

People

S2 (0)

Initial number of people susceptible, nation two

49 × 106

People

I1 (0)

Initial number of people infected, nation one

0.2 × 106

People

I2 (0)

Initial number of people infected, nation two

0.2 × 106

People

R1 (0)

Initial number of people recovered, nation one

0.8 × 106

People

R2 (0)

Initial number of people recovered, nation two

0.8 × 106

People

Perturbations to these parameters are that f1 = f2 = 0.05 is tested and presented as a sensitivity analysis to less travel in Figure 2. Then in Figures 3B,D, we set β2 = 0.5 as a
sensitivity estimate of nation two having a far higher transmission rate. Further perturbations are made in Supplementary Figures 1–6.



(1 − f1 )I1 + f2 I2

susceptible group if there is no lifelong immunity effects or
that immunity is time-limited, as characterised by parameter σ .
People also leave the recovered group if vaccinated. For nation
one, the number of recovered individuals (R1 ) is:



(1 − f2 )I2 + f1 I1

dR1
R1
= γ I1 − σ R1 − ν1 Q
.
dt
S1 + R1

terms combine, respectively, to give for nation one:
(1 − f1 )S1
dS1
= −β1
dt
(1 − f1 )N1 + f2 N2
f1 S1
−β2
f1 N1 + (1 − f2 )N2
S1
.
+σ R1 − ν1 Q
S1 + R1

(1)

Again, it is the last term on the right-hand side of Equation (3)
that captures the assumption noted above, that even when full
immunity is assumed (i.e., σ = 0), a cautious approach is taken
of vaccinating those who have recovered. Finally, the group of
people vaccinated, V, for the first nation (V1 ) satisfies:

As susceptible people are infected, they move to the infected
group, I (people). People leave the infected group by recovery as
described by a rate γ (day−1 ), or by dying and corresponding to
a mortality rate α (day−1 ). Hence, for nation one, these changes
to infections (I1 ) are given by:


dI1
(1 − f1 )S1
= β1
(1 − f1 )I1 + f2 I2
dt
(1 − f1 )N1 + f2 N2


f1 S1
(1 − f2 )I2 + f1 I1
+β2
f1 N1 + (1 − f2 )N2
−γ I1 − αI1 .

dV1
= ν1 Q.
dt

(4)

In the set of governing equations for nation one, we assume that
all people are in one group: S, I, R, or V, and so:
N1 = S1 + I1 + R1 + V1 .

(2)

(5)

In Equations (1)–(4), there is a final implicit assumption
that births and non-COVID-19 deaths balance. Hence these
equations, when combined additively, give dN1 /dt = −αI1 ,
which is the excess death rate due to COVID-19 illness. The total
number to have died from COVID-19, D (people), in nation one
and after time t is, therefore:
Z t
αI1 (t ′ )dt ′ .
(6)
D1 (t) =

The inverse of γ is the period, in days, that a person is infectious.
From the value presented in Table 1, this gives a period of 5
days (15). Others suggest longer infection periods of a median
of 8 days (16), or a range of 7–14 days (17). Very early during
the emergence of the COVID-19 illness, it was realised that
approximately one third of infected people show no signs of
illness (18) yet these people can still infect others (19). Such
asymptomatic individuals are included in our I1 and I2 groups,
and so these quantities are not simply people who are unwell.
The recovery group, R, increases in size based on those
who were previously infected and survive. People return to the
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of COVID-19 related deaths for the first nation. That is we look
for vaccine sharing pathways, ν1 (t), that satisfy or get near to
satisfying, the condition:

and the fraction of vaccines ν1 is now replaced by 1 − ν1 . For
completeness, we write these equations out below:


dS2
(1 − f2 )S2
= −β2
(1 − f2 )I2 + f1 I1
dt
(1 − f2 )N2 + f1 N1


f2 S2
(1 − f1 )I1 + f2 I2
−β1
f2 N2 + (1 − f1 )N1
S2
+σ R2 − (1 − ν1 )Q
S2 + R2


(1 − f2 )S2
dI2
= β2
(1 − f2 )I2 + f1 I1
dt
(1 − f2 )N2 + f1 N1


f2 S2
(1 − f1 )I1 + f2 I2
+β1
f2 N2 + (1 − f1 )N1
−γ I2 − αI2 .
dR2
R2
= γ I2 − σ R2 − (1 − ν1 )Q
.
dt
S2 + R2
dV2
= (1 − ν1 )Q.
dt

min D1 (τ ).

Two approaches to searching for optimum solutions are possible.
The first is noting that the solution of Equations (1)–(4)
and (7)–(10) and discovery of the path ν1 (t) that satisfies
Equation (13) is a formal problem in optimal control. This
requires derivation of the adjoint to the governing equations,
following the optimisation approach of Pontryagin’s Maximum
Principle (20), and subsequent calculation of solution for ν1 (t),
while also satisfying any constraints. Such constraints include
that 0 ≤ ν1 (t) ≤ 1, along with further constraints that ensure
physical realism e.g., that all S, I, R, and V values are positive,
and V ≤ N. The second approach is to instead iterate over
possible pathways in ν1 (t), subject to the same constraints, and
determine for each the D1 (τ ) value. This latter approach is far
less elegant, and cannot guarantee an overall minimum solution
is found. However, there are some advantages. The iterative
approach may bring more intuition as to which solutions are
particularly sub-optimal, and is easier to implement when there
is a necessity of speed in understanding a research problem
of concern. Furthermore, a single minimum solution does not
necessarily represent an enactable strategy, and of more practical
use can be an understanding of the potential outcomes of a
range of vaccination strategies. We adopt the second numerical
approach, and in particular consider changes to ν1 at discrete
intervals, which may reflect how policy is enforced.

(7)

(8)
(9)
(10)

and with:
N2 = S2 + I2 + R2 + V2 .

(11)

There is substantial flexibility in the selection of parameters in
our model. Here we restrict the degrees of freedom by holding
most parameters fixed, and as given in Table 1. These values
correspond to similarities in the size of the two nations, relatively
low initial infection rates, and similar death rates. For the analysis
presented here, we primarily focus on the effects of changing the
extent of travel, by altering f1 and f2 , alternative transmission
rates β1 and β2 , and importantly the impacts of different timeevolving policies for vaccine sharing, as defined by ν1 (t).

3. NUMERICAL RESULTS
3.1. Effect of Delay Before Vaccine Sharing

2.2. Provision of Vaccines and Their
Sharing

We start by considering a policy where nation one retains all
vaccines until a threshold, X (%) of its population are vaccinated.
At that stage, all further vaccines are given to nation two until
they too have X% of their population inoculated. Following
this, all vaccines are used again in nation one until everyone is
vaccinated, after which all further vaccines are given to nation
two. We present numerical calculations for X = 20% in Figure 1.
In Figure 1, the left-hand side panels are time-evolving quantities
for nation one, and the right-hand side for nation two. The
top row shows this policy choice regarding vaccine sharing (i.e.,
X = 20%), and the second row is cumulative deaths. This policy
results in ∼25% fewer deaths in the first nation (annotations
in second row in Figure 1) as calculated at t = τ when both
nations are fully vaccinated. In the next four rows, left column
are the solutions to Equations (1)–(4), and right column to
Equations (7)–(10). In many circumstances, it is the projected
number of infected people (row four of Figure 1) that is of most
interest to health planners, who need to know if the number
of severely ill people may exceed hospital or intensive care unit
capacity. The setting of f1 = f2 = 0.2 (Table 1) corresponds
to extensive inter-nation levels of travel, and this large value is
taken to provide an outer bound in our analysis. Some travel
exchanges have historically been especially large, including for

We assume that at time t = 0 a vaccine becomes available, and
a capability exists in nation one to mass produce it from then
onwards. The production rate for t ≥ 0 is Q (vaccines day−1 ).
The first nation then has a choice, which might evolve in time, as
to the fraction ν1 (t) of vaccines to keep for its own country rather
than offering to the second country. The total number vaccinated
at time t is a simple integration in time of Equations (4) and (10):
V1 (t) =

Z

t

′

ν1 (t )Qdt

′

V2 (t) =

0

Z

0

t



1 − ν1 (t ′ ) Qdt ′ . (12)

Reaching a time when V1 = N1 causes ν1 ≡ 0 for all times
after. This situation is where nation one becomes fully vaccinated,
and all vaccines are made available for nation two thereafter.
Similarly, if V2 = N2 , then ν1 ≡ 1 for times after. At time t = τ
(days), then everyone is vaccinated in both nations, i.e., the first
time when both V1 = N1 and V2 = N2 . At t = τ we stop the
simulations and total deaths in nation one, D1 (τ ), is noted. For
the values of Table 1, then τ ∼ 100 days.
Many strategies can be envisaged for vaccine provision, and
here we initially search for those that minimise the total number
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FIGURE 1 | Calculations with parameters and initial conditions as given in Table 1, and including for extensive travel with f1 = f2 = 0.2. The left-hand column are
time-evolving projections for nation one and that has developed the vaccine, and right-hand column are for nation two. After 20% of the population of nation one
(Continued)
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FIGURE 1 | are vaccinated, the vaccine is instead used exclusively in nation two. In nation two, 20% of that population is then vaccinated, before returning to fully
vaccinate nation one, and then on to fully vaccinate nation two. The top row presents these vaccine sharing decisions, of ν1 and 1 − ν1 . For this scenario, the second
row is cumulative deaths (D1 and D2 ), and with annotations of final death count when both countries are fully vaccinated. The next rows are, respectively, the numbers
of people susceptible to COVID-19 (S1 and S2 ), infected (I1 and I2 ), recovered (R1 and R2 ) and vaccinated (V1 and V2 ). For each row, the vertical scales are identical to
allow comparison between nation one and nation two.

FIGURE 2 | Deaths for different X values defining vaccine sharing. (A) Total deaths for nation one (red) and nation two (orange), at the time of full vaccination of both
nations. The vaccine sharing policy is the same as that presented in Figure 1, except that here the percentage of nation one vaccinated before sharing, X, is tested
across all percentage values. Hence, for extensive travel exchange with f1 = f2 = 0.2 and with X = 20%, the values shown are identical to the annotated total deaths
in the second row of Figure 1. The continuous lines are for f1 = f2 = 0.2, and the dashed lines are for less travel exchange with f1 = f2 = 0.05. All other parameters
are as given in Table 1. (B) Shows the total deaths, and so is the addition of the nation one and nation two deaths of (A).

f1 = f2 = 0.05) have a protective influence on nation one,
due to fewer imported infections as well as fewer infections by
citizens of nation one when overseas. The effect is the opposite
for nation two, as the lower amount of travel means a smaller
exchange of more infected people from that nation are replaced
with those from nation one who are less infected. In addition,
lower exchanges from nation two to nation one, which has
fewer infections, provides less protection as a smaller number
of nation two susceptible people have travelled. Critically, for
both sets of f values, is that the minimum deaths for nation one
correspond to no initial sharing (i.e., at X = 100%). Hence for
our parameter values, gains by vaccinating people in nation two
to lower imported infections are outweighed by no initial sharing,
and thus vaccinating all of nation one as fast as possible. The
sharing policy by nation one has a much larger impact on deaths
in nation two, raising an important ethical issue. If nation one
only shares vaccines after all its own citizens have first received
it (i.e., X → 100%), then nation two has an especially high total
number of deaths.
A particular interpretation of the minimum of nation two
deaths (Figure 2A) is as follows. For the parameter values
reported in Table 1, the basic reproduction number is R0 =
β/γ = 1.25. A very early assessment of the COVID-19

instance, tourists to key European countries in summer months,
although these will be from multiple other nations.
We repeat the calculations in Figure 1, for all vaccine
threshold X values, and calculate total deaths in nation one
and nation two (Figure 2). COVID-19 related deaths, marked
as annotations in the second row of Figure 1, are identical to
those at X = 20% (Figure 2; continuous lines). Deaths for
lower travel between countries, with f1 = f2 = 0.05, are
also calculated (Figure 2; dashed lines). The curve minimums
for nation two (Figure 2A) are a consequence of our sharing
framework. For low X values, although nation two receives
vaccines quickly after X% of nation one are inoculated, this
only then vaccinates a small percentage X of nation two, before
nation one continues its immunisation programme. High X
values cause a substantial time to pass before nation two can
start a vaccination programme. Both approaches cause higher
deaths compared to the minimum for nation two. For nation
one, there is relatively little variation in total deaths, irrespective
of the choice of the X value. Total deaths in the donor country
(nation one) are lowest when the country does not share vaccines
(X = 0% and X = 100%), and peak when the switch of
vaccine from donor to recipient country occurs after ∼22% of
the donor population is vaccinated. Lower travel exchanges (i.e.,
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the number of deaths for nations one and two, for each X
value, are much higher. Our elementary description of efficacy
implies that a fraction e of those receiving a vaccine cannot
be infected. However, reported vaccine efficacies may involve a
more subtle definition. In particular a vaccine may be regarded
as effective for a fraction e of those inoculated if many in that
fraction still get infected but the implications are avoidance of
serious illness or death. To model this requires a more complex
framework with, for instance, an additional infected group of
people who have been vaccinated Iv , but for whom the fatality
rate αv (day−1 ) is much smaller than the non-vaccinated value
α. Models are emerging that sub-compartmentalise the group
infected by COVID19 [e.g., (26)]. An early assessment of the
Oxford AstraZeneca vaccine suggests it to be 70% effective (27)
and the Pfizer vaccine is reported as being 95% effective (28).
Waning of vaccine immunity can also be accounted for as
a further extension of our analysis. In the analysis of vaccine
efficacy, characterised by parameter e, this corresponds to a
fraction, (1 − e), of people for whom the vaccine does not
work from the outset, but all others receiving it have permanent
immunity. To instead model decreasing vaccine immunity, we
introduce a daily fraction of those who have received a vaccine,
but lose immunity, defined by parameter σV (day−1 ). We modify
the nation one vaccine group to account for the lowering of
immunity, by adding an extra loss term of −σV V1 to the right
hand side of Equation (4). A balancing gain term of +σV V1 is
added to the susceptible group S1 , given by Equation (1). Similar
changes can be made to the nation two equations for V2 and
S2 . We again repeat the format of the calculations leading to
Figure 2, but now including this effect in both nations. Here
we imagine the pessimistic scenario whereby new variants cause
vaccine immunity loss over a period of 6 months, suggesting σV
of order 1/180. Hence we set σV = 0.005 (but e = 1), and
as expected, this results in more deaths (up to 20,000) based
on our parameters (Supplementary Figure 3). Our vaccine rate
Q and population sizes are such that by day 100, everyone will
have received a vaccine. In the circumstances of complete vaccine
efficacy (e = 1) and permanent immunity (σV = 0), then deaths
after our modelled day 100 will be low. However, with low efficacy
or loss of immunity, and in the absence of emerging and more
effective vaccines, then death rates will remain high after day 100,
adding to the totals shown in our diagrams. If the strength of
waning immunity is similar for both vaccinated people, and for
those in the recovered group after having been ill with COVID19, then we simulate this with non-zero values for both σ and σv .
Simulations in Supplementary Figure 4 are identical to those of
Supplementary Figure 3, except that now σ is also non-zero, and
with σ = σv = 0.005. As expected, this creates a further rise in
the number of projected deaths. However, this additional increase
through both effects, compared to only σv set as non-zero
(Supplementary Figure 4 vs. Supplementary Figure 3), is less
than that from introducing the waning vaccine immunity effect
only (Supplementary Figure 3 vs. Supplementary Figure 2).
We also consider the impact of initial conditions, and in
particular if one nation has substantially more infections at the
start of vaccine program. Different infection levels will relate to
the previous history of lockdown and social distancing measures

basic reproduction number (21) suggests it to have a much
higher value, citing a range of 2.24–3.58, and so implicit in
our transmission values is that they are for a later period with
social distancing measures in place. Our value of 1.25 suggests
that if more than 20% of the population of nation two are
vaccinated (achieved in the first phase of vaccine policy if
X > 10%), then this would make the effective reproduction
number, R (22), fall below unity. After this, besides the beneficial
effects of vaccination, infection numbers would also fall by their
own accord achieving what is sometimes referred to as “herd
immunity.” Although our sharing scenario is slightly contrived
(e.g., top row of Figure 1), for the values presented in Table 1,
the minimum for nation two deaths in Figure 2 implies two
key features. Giving away enough vaccines such that it allows
a nation to have an effective reproduction number substantially
below unity will save many lives. However, giving away many
more vaccines, but waiting a longer period beforehand will result
in more deaths for nation two. For both f values (0.2 and
0.05), we show the combined number of deaths for nation one
and nation two together (Figure 2B). The minimum number of
overall deaths is with an X sharing threshold of order 20–25%.

3.2. Additional Sensitivity Calculations
Reinfection remains a major uncertainty for the COVID-19
illness (23). Hence, as a factorial experiment, we consider
potential non-zero values for immunity waning, σ , after illness.
Seow et al. (24) report that acute immunity wanes as expected,
but longer immunity from immunoglobulin antobodies can
last beyond 94 days. Meanwhile, Dan et al. (25) find that the
percentage of subjects seropositive for spike immunoglobulin,
at 6–8 months post onset of symptoms, was 90%. For our
period of 100 days of simulation, this may be a loss of
around 5%, which can be approximated as σ = 0.0005. We
repeat the calculations leading to Figure 2, but with this new
non-zero value of σ (Supplementary Figure 1). As might be
expected, with this relatively low reported loss of immunity,
deaths (Supplementary Figure 1) are almost indistinguishable
from those for complete immunity (Figure 2).
An additional extension of our analysis is to account for
vaccines that do not have 100% efficacy. If 0 ≤ e ≤ 1 is
efficacy, with for instance a value of e = 0.8 corresponding
to 80% effectiveness, then an easy amendment to our model
is to replace every term Q in all equations with eQ. This very
simplistic characterisation of efficacy would mean that V remains
the number of vaccinated people, but it only now includes those
with full protection. Hence for e < 1, the infected, susceptible
and recovered groups would be larger compared to if e = 1.
This alteration is valid where the aim of the model structure is
to provide a basic estimate of the number of COVID-19 related
deaths. However, in more complex model structures, for instance
accounting for different less restricted behaviour by people who
are vaccinated, then it may require an additional distinct group
for those who have received a vaccine but remain susceptible.
As a sensitivity study, we perform the simulations presented
in Figure 2 but with Q replaced by eQ and with e = 0.8
(Supplementary Figure 2). We find that the main features of
Supplementary Figure 2 are similar to those of Figure 2, but
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FIGURE 3 | Total deaths in both nation one and nation two at the time of complete vaccination of both nations. Each point in the top row corresponds to a single set
of fortnightly policy decisions on vaccine sharing. (A) For parameter values and initial conditions presented in Table 1. (B) Asymmetric case where virus transmission
is more prevalent in nation two, and so with β2 = 0.5. In (B), both axes are scaled identically to highlight the different death rates. The blue dots are where nation one
retains all vaccines (i.e., ν1 ≡ 1) for at least the first three fortnightly periods. In (C), we return to the same parameters and simulations shown in (A), but now show the
total deaths (those of nation one plus nation two), and disaggregated by the mean value of vaccine sharing, ν1 in the first 42 days. The red dots are the mean values
for each “bin” of size 0.1 for ν1 , and the vertical lines are ± two standard deviations. (D) Identical to (C), except for the parameter values of (B) i.e., with high virus
transmission in nation two.

The finding that to minimise overall deaths requires
early vaccine sharing by nation one (minimum of curves
in Figure 2B) remains valid in our sensitivity studies
(Supplementary Figures 1B–6B).

within nations. The number of infections at any given time
will also depend on the previous timecourse of the index cases,
which are the initial people who introduce the virus to a nation
(sometimes called “patients zero”). We instead first set nation one
to have I1 (0) = 0.5 × 106 initial infections, rather than the lower
value of Table 1, and also lower S1 (0) by 0.3 × 106 accordingly.
We repeat the calculations leading to Figure 2, but with the new
initial condition (Supplementary Figure 5). Again, the salient
features of Figure 2 are retained, but of note is that in particular
for high exchanges f1 = f2 = 0.2, deaths in nation two are
much higher, emphasising the effect of exported infections from
nation one. We similarly adjust initial infections in nation two, by
increasing it to I2 (0) = 0.5 × 106 but keeping all other parameters
as for Table 1. For high exchanges of people (f1 = f2 = 0.2), now
deaths in nation one increase by a large amount due to imported
infections through travel (Supplementary Figure 6).
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3.3. A Broad Range of Vaccine Sharing
Policy Options
In a next set of simulations (Figure 3), we scan a much larger
range of possible approaches to vaccine sharing. We assume a
policy decision is made each fortnight, and when nation one
considers changing the value of ν1 . At days 1, 15, 29, 43, 57, 71,
and 85, ν1 can be set for the 14 days ahead as either 0.0, 0.2, 0.4,
0.6, 0.8, or 1.0. This policy approach yields 67 potential policy
combinations for a given set of parameters. As previously, these
sharing options are overridden if one country eventually becomes
fully vaccinated, after which all vaccines are used in the other
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nation. For the set of parameters in Table 1, each policy choice is
presented as a dot in Figure 3A. The values (Figure 3A) are the
accumulated COVID-19 related deaths, shown for both nations,
and up to the time of full vaccination in both nations. The slightly
jagged appearance in the spread of solutions is a consequence
of the numerical discretisation associated with the fortnightly
policy decisions. In Figure 3A, any superimposed line of gradient
minus one would correspond to a constant sum of deaths from
combining those of both nation one and nation two. Hence the
curvature in the plume of points again illustrates a potential issue
of ethics. If nation one seeks to minimise its total number of
deaths (low values on “x” axis, Figure 3A), then the gradient of
points (top left of diagram) has a magnitude larger than unity.
As such, every life saved in nation one corresponds to a number
greater than unity of lives lost in nation two. Placing a constraint
on selected policy options that for the first three fortnights,
all vaccines are retained for nation one, corresponds to the
blue dots. In similarities to the scenarios presented in Figure 2,
such initial high retention levels of vaccines correspond to the
lowest cumulative deaths for nation one. This finding suggests
again that for the parameters and policy scenarios presented
here, the hypothesis that sharing vaccines will lower imported
infections and decrease total deaths in nation one cannot be
supported when compared to simply vaccinating nation one as
fast as possible.
We introduce an asymmetry to the parameters by raising the
value of β2 for nation two to 0.5 (Figure 3B). If the infectious
stage of COVID-19 is 5 days [(15) and our Table 1], then with
β2 = 0.5, this corresponds to a R0 value between two and three.
This scenario, whereby transmission occurs twice as frequently
in nation two, provides an outer bound worst case for our
simulations. The new calculations of cumulative total deaths in
both nations, at the time when everyone is inoculated and for
β1 = 0.25 and β2 = 0.5, are shown in Figure 3B. The higher
value of β2 , as expected, results in the total deaths in nation two
to be vastly higher than those for when β2 = 0.25. However,
of note is that the deaths in nation one also rises by a large
amount, confirming the effect of extensive travel (here f1 = f2 =
0.2) to and from nation two that has weaker controls on virus
transmission. The blue dots in both panels again correspond to
where, for the first three fortnights, nation one retains all vaccines
(ν1 ≡ 1). To aid illustration, the axis range in Figure 3B for both
nations is identical, showing the gradient of the plume of points
is now even larger. This high gradient implies that any change
in sharing policy that saves additional lives in nation one, will
correspond to substantially more lives lost in nation two, again
raising ethical issues.
To capture more simply the issue of equity, we present
the total number of deaths as a function of initial levels of
vaccine sharing (Figures 3C,D). The simulations and parameters
of Figure 3C are identical to those of Figure 3A, and similarly
Figure 3D uses the same projections as Figure 3B. In Figure 3C,
a symmetry exists as expected with identical parameters for
nation one and nation two, and so the minimum total deaths are
achieved when a half of vaccines are given by nation one to nation
two. Figure 3D illustrates that if we model nation two as having
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a higher transmission rate, then the minimum number of total
deaths is when nation one gives away most or all of their vaccines
following the start of their production.

4. DISCUSSION AND CONCLUSIONS
4.1. General Findings
We have investigated the role of different policies of vaccine
sharing on managing COVID-19 infections. Our equation set is
designed to model the extent of SARS-CoV-2 virus transmission,
during the period when a vaccine is verified as safe and its mass
production and distribution starts. Two nations are considered
(“one” and “two”), the first of which has discovered and is making
a vaccine, and where there is extensive travel between the two
countries. We create a model framework to ask whether given
travel, it is beneficial for nation one to share vaccines with nation
two to lower imported infections? Equations (1)–(4) and (7)–
(10), in tandem with the parameters and initial conditions of
Table 1, are parameter-sparse, relatively simple, yet capture the
main processes needed to address that question. Our headline
finding is that for the parameters investigated, despite the risks
of imported infection, in order to minimise deaths in nation
one the best strategy is for that nation to vaccinate all citizens
first before subsequently sharing it. This inference is achieved by
iterating numerically over a range of possible sharing strategies.
However as expected, lower levels of travel with nation two which
has more infections, decreases the number of COVID-19-related
deaths in nation one. We recognise the hardship that reduced
travel causes, and especially for those with employment in the
tourism and hospitality sector. The solutions presented reveal
that although some vaccine sharing will likely mean more deaths
in nation one, it can cause a disproportionately large saving of
lives in nation two. This finding raises obvious ethical issues
regarding vaccine distribution. As any particular nation becomes
increasingly inoculated, vaccines may then save many more lives
by being sent elsewhere.
As a nation starts to achieve a high number of inoculations,
reaching herd immunity, then more lives will still be saved with
further vaccination. However, at this point, the probability of
a life saved per vaccine administered will be higher if it used
elsewhere, in a location with little or no vaccine coverage. Vaccine
sharing, as a positive externality to infection dynamics, may
set up complex issues in control infections and elasticity. Such
elasticity is where the prevalence of infection changes the levels
of vaccination uptake (29, 30). High elasticity provides selfinterested individuals with less incentive to be vaccinated as
coverage increases, as they expect to gain from herd immunity.
Hence it may become increasingly difficult to minimise the
prevalence of infections, and therefore associated deaths, due to
COVID-19 in the nation that developed the vaccine. In these
circumstances, with a stalling of vaccine uptake, then extensive
sharing is likely to achieve further benefits in the first nation
by managing overall risks of mortality associated with the virus.
Sharing will reduce risks of imported infections where there is
substantive travel with other nations.
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4.2. Caveats

variant first found in India may have more vaccine resistance
(33). If a new variant becomes the dominant strain, then our
framework can accommodate this by different vaccine efficacy
e, waning vaccine immunity σv , and transmission β parameter
values. If reducing overall virus infection globally lowers the risk
worldwide of new variants of concern emerging, then this relates
to vaccine sharing should some policies lower overall infection
levels more than others.
More complexity can be added to our simulation framework
by configurations that consider variation in transmissibility and
susceptibility within the populations of nations. Distinctions may
be defined by age-dependent variation in social mixing (34) and
mortality, clinically vulnerable vs. non-vulnerable, or variation in
existing medical conditions that may partially depend on poverty
levels. Specific vaccine rollout plans may also be modelled, such
as prioritising vaccinations to frontline health workers who will
have much higher levels of interactions with infected individuals.
Such variations would require substantial additional parameters
(mortality levels and inter-group infection transmission rates)
and model compartments, all requiring quantification. More
generally, whilst many countries have focussed on vaccinating
the eldest first, as they are considered more vulnerable, the
COVID-19 crisis raises other issues of inter-generational equity.
For instance, younger people may be disproporitionately affected
by unemployment, post-COVID-19 national debt burdens, and
research is needed to see if they are particularly impacted by
mental health issues caused by lockdowns (35). The order of
within-country vaccination of groups may affect these factors, for
instance, by inoculating some groups faster to enable return to
full employment. The issue of elasticity in vaccine uptake is also
not included in our equations.
The equations presented and their solution to find a vaccine
sharing policy that minimises deaths is amenable to the
application of optimal control theory. Such methods have been
successful in informing public health strategies regarding the
avian influenza pandemic (36), the Chikungunya epidemic (37),
and influenza (38). Optimal control has also been used in terms
of minimising the cost of vaccine programmes, for human
papillomavirus (HPV) (39) and influenza (40), and sometimes
in tandem with other disease prevention methods e.g., mosquito
control for dengue (41). Optimal control methods are elegant,
ultimately the most appropriate mathematically, and provide a
level of verification unachieveable by scanning numerically for
a solution. We plan to undertake such analyses, solving the
governing equations and additionally the adjoint, as required
by optimal methods, along with satisfying constraints to ensure
physical realism. However, our more fast-track initial “forwardmode” computation approach does have some advantages. We
restricted ourselves to discrete periods of time between policy
changes, potentially reflecting how decisions are undertaken with
regular reviews. The discrete changes could, though, be used to
approximate any smooth time-evolving trajectories discovered
for ν1 (t) by optimal techniques.

The modelling framework used in this study is not exempt from
caveats and limitations. For instance, we have not explored where
two nations have markedly different populations and so S1 (0)
and S2 (0) are dissimilar. The fractions of nations travelling,
given by f1 and f2 , may also not balance, for instance should
one country be a popular tourist destination. Temporary selfquarantining of people after travel, possibly in tandem with
raised testing regimes (e.g., at airports), will lower levels of
imported infections, and these effects would require adjustment
to our equations. In addition, some parameters may not be
fixed in time. For instance, the number of vaccines that can
be produced per day may grow substantially in time, making
Q time-dependent. Arguably, any nation seeing the benefits of
vaccination causing immunity may choose to simultaneously
work to lower transmission rate further (i.e., make β a function
of time), as part of a push to completely remove the virus as fast
as possible. A further caveat is that our equations do not include
any within-country compartmentalisation of populations, noting
others conclude that vaccine priority should be for those at
greater risk, such as the elderly and the immune-compromised
(31, 32). The assumption of complete or high immunity for
those who recover from COVID-19 remains an open scientific
question. Investigating more extreme parameter ranges or policy
options may yet find that the best solution, in terms of cumulative
deaths of nation one, is some early vaccine sharing. Our flexible
mathematical structure may be applicable at more local scales
within countries, to understand different policies for major
cities and between which substantial travel occurs. In the other
direction, the simulation structure is available to extension to
understand interactions between more than two countries.
A further caveat is that we do not account for any
fraction of infected individuals who, upon realising they are
unwell and suspect (correctly) they have COVID-19, decide
to not travel. If a is the fraction of infected people who
plan to travel, and still travel, then this would likely also
include the sizeable number of people with COVID-19 who
are asymptomatic. Inclusion of this effect would modify,
for instance, Equation (1) for susceptible people in nation
one, to instead be as given as Supplementary Equation (1).
In the instance where nation two has high infection levels,
then the implication for those susceptible in nation one of
less travel by unwell people (i.e., by a lower a value) in
Supplementary Equation (1) is as follows. The first righthand term of Supplementary Equation (1) will be affected
mainly by the last component, with af2 I2 replacing f2 I2
in Equation (1). This change implies that fewer infected
people will travel from nation two to nation one, lowering
imported infections. However, such suppression of travel by
this mechanism will have less effect on the second right-hand
term of Supplementary Equation (1), which describes the risk of
infection by f1 S1 susceptibles (i.e., non-infected people) in nation
one travelling to nation two.
A major ongoing concern of the COVID-19 crisis is the
emergence of virus variants (e.g. in Brazil, India, United
Kingdom and South Africa), and that might be vaccine resistant,
have higher transmission levels, or both. For instance, the Delta
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4.3. Overall Summary
Our analysis represents two countries of similar size and levels
of visitation rates, and where we set transmission rates to values
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on this matter. Although a very obvious point to make, it is
worth reiterating that with the emergence of vaccines, deaths will
be minimised by achieving its largest possible mass production.
High production levels will most quickly vaccinate the country
of its origin, and enable more rapid and substantial sharing
internationally. As vaccines are now receiving approval as safe,
our model framework can be used in a more operational context,
entraining known parameters specific to individual countries.

that might reflect the on-going implementation of NPIs such
as the use of lockdowns, personal protection equipment, and
social distancing. The mass production and use of vaccines
is considered to start at the beginning of our simulations.
We assume that using a general SIRV (Susceptible, Infected,
Recovered, Vaccinated) model is valid to describe the spread
of COVID-19 illness. For our selected parameters and range
of policy options, we find that reducing travel and keeping all
vaccines until full inoculation will minimise COVID-19 related
deaths in a nation (nation one) that produces a vaccine. Our
initial hypothesis was that when accounting for travel, it is
beneficial for nation one to share vaccines with nation two, to
lower either imported infections, or infection risk when visiting
nation two. For our selected default parameters, this effect
appears relatively small. However, the extent of travel affects
nation two more, as for example with larger exchanges, people
of nation two are more protected when visiting nation one. If
either nation has a higher initial infection level at the start of a
vaccine program, as expected, travel will cause more deaths in
the other nation.
What our calculations do highlight is the strong influence
that any vaccine sharing policy has on the total deaths of nation
one and two combined. In particular, to minimise deaths overall,
nation one needs to offer nation two a substantial number of
vaccines, and early on. In some instances, extensive sharing may
result in only small increases in deaths in nation one (the vaccine
producer), yet save a much larger number of lives in nation two.
This finding also remains valid for the sensitivity calculations
we performed and report. Early and sizeable vaccine sharing
raises an ethical dilemma. Should the government of a nation
producing a vaccine make their primary role to inoculate as
fast as possible all those who have elected it, or to take a more
global perspective, and share earlier on vaccines to save more
lives overall? The issue of vaccine sharing and related ethics
is likely to require substantial thought in the months ahead.
Indeed, as of the beginning of year 2021, there has already been
tension between the European Union and the United Kingdom

DATA AVAILABILITY STATEMENT
The computer model scripts supporting the conclusions of this
article will be made available by the authors, without undue
reservation. The python computer scripts are also provided, in
full, in the Supplementary Material.

AUTHOR CONTRIBUTIONS
CH conceived the conceptual framework and designed the
associated numerical experiment. CH and TR built the equation
set, and their numerical solution. MB provided advice on current
COVID-19 understanding. All authors reviewed and contributed
to writing the manuscript.

FUNDING
CH gratefully acknowledges the Natural Environment
Research Council award of National Capability funds
to the UK Centre for Ecology and Hydrology. TR was
supported through an EPSRC Systems Biology studentship
award (EP/G03706X/1).

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2021.633144/full#supplementary-material

REFERENCES

7. Ramasamy MN, Minassian AM, Ewer KJ, Flaxman AL, Folegatti
PM, Owens DR, et al. Safety and immunogenicity of ChAdOx1
nCoV-19 vaccine administered in a prime-boost regimen in young and
old adults (COV002): a single-blind, randomised, controlled, phase
2/3 trial. Lancet. (2020) 396:1979–93. doi: 10.1016/S0140-6736(20)
32466-1
8. Koirala A, Joo YJ, Khatami A, Chiu C, Britton PN. Vaccines for
COVID-19: the current state of play. Paediatr Respir Rev. (2020) 35:43–9.
doi: 10.1016/j.prrv.2020.06.010
9. Jeyanathan M, Afkhami S, Smaill F, Miller MS, Lichty BD, Xing
Z. Immunological considerations for COVID-19 vaccine strategies.
Nat Rev Immunol. (2020) 20:615–32. doi: 10.1038/s41577-02000434-6
10. UK Government. Regulatory Approval of Pfizer/BioNTech Vaccine for COVID19. UK Government. Available online at: https://www.gov.uk/government/
publications/regulatory-approval-of-pfizer-biontech-vaccine-for-covid-19
(2020).
11. UK Government. Regulatory Approval of COVID-19 Vaccine AstraZeneca.
UK Government. Available online at: https://www.gov.uk/government/
publications/regulatory-approval-of-covid-19-vaccine-astrazeneca (2020).

1. Johnson T, Sakya S, Sakya J, Onkendi E, Hallan D. The top 100 most cited
articles on COVID-19. Southwest Respir Crit Care Chron. (2020) 8:42–50.
doi: 10.12746/swrccc.v8i35.739
2. McGrail DJ, Dai J, McAndrews KM, Kalluri R. Enacting national
social distancing policies corresponds with dramatic reduction
in COVID19 infection rates. PLoS ONE. (2020) 15:e236619.
doi: 10.1371/journal.pone.0236619
3. Wise J. Covid-19: Risk of second wave is very real, say researchers. Br Med J.
(2020) 369:m2294. doi: 10.1136/bmj.m2294
4. Xu S, Li Y. Beware of the second wave of COVID-19. Lancet. (2020)
395:1321–2. doi: 10.1016/S0140-6736(20)30845-X
5. Chinazzi M, Davis JT, Ajelli M, Gioannini C, Litvinova M, Merler S, et al.
The effect of travel restrictions on the spread of the 2019 novel coronavirus
(COVID-19) outbreak. Science. (2020) 368:395. doi: 10.1126/science.
aba9757
6. Gossling S, Scott D, Hall CM. Pandemics, tourism and global change:
a rapid assessment of COVID-19. J Sustain Tour. (2020) 29:1–20.
doi: 10.1080/09669582.2020.1758708

Frontiers in Public Health | www.frontiersin.org

11

August 2021 | Volume 9 | Article 633144

Huntingford et al.

Distribution of COVID-19 Vaccines

12. UK Government. Regulatory Approval of COVID-19 Vaccine Moderna.
UK Government. Available online at: https://www.gov.uk/government/
publications/regulatory-approval-of-covid-19-vaccine-moderna (2021).
13. Rawson T, Brewer T, Veltcheva D, Huntingford C, Bonsall MB. How and
when to end the COVID-19 lockdown: an optimization approach. Front Publ
Health. (2020) 8:262. doi: 10.3389/fpubh.2020.00262
14. Kermack WO, McKendrick AG, Walker GT. A contribution to the
mathematical theory of epidemics. Proc R Soc Lond Ser A. (1927) 115:700–721.
doi: 10.1098/rspa.1927.0118
15. Lourenço J, Paton R, Thompson C, Klenerman P, Gupta S. Fundamental
principles of epidemic spread highlight the immediate need for large-scale
serological surveys to assess the stage of the SARS-CoV-2 epidemic. medRxiv
[Preprint]. (2020). doi: 10.1101/2020.03.24.20042291
16. van Kampen JJA, van de Vijver DAMC, Fraaij PLA, Haagmans BL, Lamers
MM, Okba N, et al. Duration and key determinants of infectious virus
shedding in hospitalized patients with coronavirus disease-2019 (COVID-19).
Nat Commun. (2021) 12:267. doi: 10.1038/s41467-020-20568-4
17. Woelfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Mueller
MA, et al. Virological assessment of hospitalized patients with COVID-2019.
Nature. (2020) 581:465–9. doi: 10.1038/s41586-020-2196-x
18. Nishiura H, Kobayashi T, Miyama T, Suzuki A, Jung Sm, Hayashi K,
et al. Estimation of the asymptomatic ratio of novel coronavirus infections
(COVID-19). Int J Infect Dis. (2020) 94:154–5. doi: 10.1016/j.ijid.2020.03.020
19. Bai Y, Yao L, Wei T, Tian F, Jin DY, Chen L, et al. Presumed asymptomatic
carrier transmission of COVID-19. J Am Med Assoc. (2020) 323:1406–7.
doi: 10.1001/jama.2020.2565
20. Pontryagin LS, Boltyanskii VG, Gamkrelidze RV, Mishchenko EF. The
Mathematical Theory of Optimal Processes. New York, NY; London:
Interscience; John Wiley and Sons (1962).
21. Zhao S, Lin Q, Ran J, Musa SS, Yang G, Wang W, et al. Preliminary estimation
of the basic reproduction number of novel coronavirus (2019-nCoV) in
China, from 2019 to 2020: a data-driven analysis in the early phase of the
outbreak. Int J Infect Dis. (2020) 92:214–7. doi: 10.1016/j.ijid.2020.01.050
22. The Royal Society. Reproduction Number (R) and Growth Rate (R) of the
COVID-19 Epidemic in the UK: Methods of Estimation, Data Sources, Causes
of Heterogeneity, and Use as a Guide in Policy Formulation. The Royal Society.
Available online at: https://royalsociety.org/-/media/policy/projects/set-c/setcovid-19-R-estimates.pdf (2020).
23. Ledford H. COVID-19 reinfection: three questions scientists are asking.
Nature. (2020) 585:168–9. doi: 10.1038/d41586-020-02506-y
24. Seow J, Graham C, Merrick B, Acors S, Pickering S, Steel KJA, et al.
Longitudinal observation and decline of neutralizing antibody responses in
the three months following SARS-CoV-2 infection in humans. Nat Microbiol.
(2020) 5:1598–607. doi: 10.1038/s41564-020-00813-8
25. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological
memory to SARS-CoV-2 assessed for up to 8 months after infection. Science.
(2021) 371:eabf4063. doi: 10.1126/science.abf4063
26. Imperial College London. Evaluating the Roadmap Out of Lockdown:
Modelling Step 4 of the Roadmap in the Context of B.1.617.2. Imperial
College London. Available online at: https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/attachment_data/file/993427/S1289_
Imperial_Roadmap_Step_4.pdf (2021).
27. Knoll MD, Wonodi C. Oxford-AstraZeneca COVID-19 vaccine efficacy.
Lancet. (2021) 397:72–4. doi: 10.1016/S0140-6736(20)32623-4
28. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med.
(2020) 383:2603–15. doi: 10.1056/NEJMoa2034577
29. Philipson T. Chapter 33 Economic epidemiology and infectious diseases. In:
Culyer AJ, Newhouse JP, editors. Handbook of Health Economics. Vol. 1.

Frontiers in Public Health | www.frontiersin.org

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Amsterdam: Elsevier (2000). p. 1761–99. Available online at: http://www.
sciencedirect.com/science/article/pii/S1574006400800463
Chen F. A mathematical analysis of public avoidance behavior
during epidemics using game theory. J Theor Biol. (2012) 302:18–28.
doi: 10.1016/j.jtbi.2012.03.002
Hogan AB, Winskill P, Watson OJ, Walker PGT, Whittaker C, Baguelin M,
et al. Report 33: Modelling the Allocation and Impact of a COVID-19 Vaccine.
Imperial College London (2020).
Moore S, Hill EM, Dyson L, Tildesley M, Keeling MJ. Modelling optimal
vaccination strategy for SARS-CoV-2 in the UK. medRxiv [Preprint]. (2020).
doi: 10.1101/2020.09.22.20194183
Bernal JL, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, et al.
Effectiveness of COVID-19 vaccines against the B.1.617.2 variant. medRxiv
[Preprint]. (2021). doi: 10.1101/2021.05.22.21257658
Mossong J, Hens N, Jit M, Beutels P, Auranen K, Mikolajczyk R, et al. Social
contacts and mixing patterns relevant to the spread of infectious diseases.
PLoS Med. (2008) 5:381–91. doi: 10.1371/journal.pmed.0050074
Singh S, Roy D, Sinha K, Parveen S, Sharma G, Joshi G. Impact of
COVID-19 and lockdown on mental health of children and adolescents: a
narrative review with recommendations. Psychiatry Res. (2020) 293:113429.
doi: 10.1016/j.psychres.2020.113429
Jung E, Iwami S, Takeuchi Y, Jo TC. Optimal control strategy for
prevention of avian influenza pandemic. J Theor Biol. (2009) 260:220–9.
doi: 10.1016/j.jtbi.2009.05.031
Gonzalez-Parra G, Diaz-Rodriguez M, Arenas AJ. Mathematical modeling
to design public health policies for Chikungunya epidemic using
optimal control. Optim Control Appl Methods. (2020) 41:1584–603.
doi: 10.1002/oca.2621
Lee S, Chowell G, Castillo-Chavez C. Optimal control for pandemic influenza:
the role of limited antiviral treatment and isolation. J Theor Biol. (2010)
265:136–50. doi: 10.1016/j.jtbi.2010.04.003
Brown VL, White KAJ. The role of optimal control in assessing the most costeffective implementation of a vaccination programme: HPV as a case study.
Math Biosci. (2011) 231:126–34. doi: 10.1016/j.mbs.2011.02.009
Jaberi-Douraki M, Moghadas SM. Optimal control of vaccination dynamics
during an influenza epidemic. Math Biosci Eng. (2014) 11:1045–63.
doi: 10.3934/mbe.2014.11.1045
Rawson T, Wilkins KE, Bonsall MB. Optimal control approaches for
combining medicines and mosquito control in tackling dengue. R Soc Open
Sci. (2020) 7:181843. doi: 10.1098/rsos.181843

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2021 Huntingford, Rawson and Bonsall. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

12

August 2021 | Volume 9 | Article 633144

