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National interest may require
distributing COVID-19 vaccines
to other countries
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As immunization campaigns are accelerating, understanding how to distribute the scarce doses of
vaccines is of paramount importance and a quantitative analysis of the trade-offs involved in domestic-
only versus cooperative distribution is still missing. In this study we use a network Susceptible-
Infected-Removed (SIR) model to show circumstances under which it is in a country’s self-interest

to ensure other countries can obtain COVID-19 vaccines rather than focusing only on vaccination of
their own residents. In particular, we focus our analysis on the United States and estimate the internal
burden of COVID-19 disease under different scenarios about vaccine cooperation. We show that in
scenarios in which the US has reached the threshold for domestic herd immunity, the US may find it
optimal to donate doses to other countries with lower vaccination coverage, as this would allow for a
sharp reduction in the inflow of infected individuals from abroad.

The COVID-19 pandemic has caused enormous morbidity and mortality globally with over 184 million cases and
almost 3.9 million deaths as of July 2021". In the absence of a vaccine or substantively effective pharmacological
interventions, governments mostly relied on stay-at-home orders and border lockdowns to slow the spread of
the disease®. However, this has resulted in disruption of many economic activities with resulting financial losses
and long-term consequences®~’.

As the first vaccines are now available, scientists have turned to the key question of how to distribute scarce
supplies. While a great deal of this focus has been on prioritization within countries, there is a perhaps even
more important question about how to allocate the vaccine across countries. In fact, the optimal strategy for
securing vaccine supplies and balancing the global interest with individual countries’ self-interest is unclear.
As the discussion on equitable vaccine distribution continues, some countries have already reserved significant
doses of vaccines for themselves®.

The World Health Organization launched the COVAX pillar of the Access to COVID-19 Tools Accelerator
to provide a global solution and equitable access to vaccines’. The COVAX Facility aims to support the develop-
ment and manufacturing of various COVID-19 vaccine candidates and negotiate pricing. The COVAX Advance
Market Commitment (AMC) is an important component of the COVAX Facility that will provide vaccines to 92
low and lower-middle income countries through a unique funding mechanism leveraging the required volume
and buy-in from higher income countries participating in the program. However, not all countries are partici-
pating in the COVAX Facility. A few countries have struck individual deals with the manufacturers most likely
to produce an effective vaccine, resulting in concerns about ‘vaccine nationalism’’. This country-by-country
approach ignores the fact that ending a global pandemic requires all countries to have sufficient access to the
vaccine for their populations.
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Figure 1. Number of infected individuals as a function of the share of susceptible in the population. When
the proportion of susceptible individuals crosses the herd immunity threshold (1/R,), the number of infections
increases drastically. Dotted lines represent herd immunity levels associated with three levels of R,

Because closing international borders'! over the long-term is likely not an economically viable option, it may
be in the self-interest of countries that have greater access to vaccines to cooperate and share doses with others.
The home country-first approach also carries a risk that if a vaccine manufacturer is not successful, countries
signing deals only with them may be locked out of a vaccine. However, whether, and under which conditions, it
is in a resource rich country’s interest to support vaccine allocation to other countries is not currently known.

The model

To study the effect of cooperative versus uncooperative vaccine distribution behavior, we use a network model
where countries are nodes and links are individuals moving from one country to another. For each country, a
separate compartmental SIR model was constructed, whereby individuals can become infected through interac-
tion with SARS-Cov-2 positive cases under the assumption of internal homogeneous mixing. Network effects
are such that the safety of one country also depends on the risk of having large shocks in other parts of the
world, especially in those countries where herd immunity levels have not been achieved. Specifically, if there is
an outbreak in one country, infected individuals may spread it to other countries through the modeled mobility
patterns. In the Methods section below, we describe the mechanics of our modeling approach. To quantify the
impact of these effects between countries, we calibrate our model to real data.

‘We model international travel using data on air travel and cross-border ground travel. Airline transportation
data gathered by the International Civil Aviation Organization (ICAO) allows us to estimate the average daily
number of passengers from each country of origin to the rest of the network. Ground mobility flows from the
US to both Mexico and Canada, and vice versa, are used to estimate those travel patterns (Supplementary Fig. S1
represents the mobility network).

As we elaborate below in the Methods sections, in a standard SIR framework, herd immunity is achieved
when the share of protected individuals is above a certain threshold P, = 1 — 1/Rg '%. The higher the average
number of secondary cases that can be generated by one single infectious case (Rg), the larger the proportion of
individuals in a population who must be vaccinated to reach the herd immunity level. This is particularly relevant
when studying the number of individuals who become infected in the presence of a single primary case (Fig. 1).
When one infectious person appears in a given population, the number of secondary cases changes as a function
of how many in the population are susceptible. When a country is close to the threshold of herd immunity, there
is a clear discontinuity in the number of cases that follow from a new infection, as the effect of a shock increases
by several orders of magnitude once herd immunity is lost.

This implies that once a country is above herd immunity, it becomes crucial for their self-interest to help other
countries reach that goal. The reason for this is that increasing vaccination rates at home will only mildly affect
the expected number of new infections if a new wave arrives, but increasing vaccinations abroad for countries
approaching the herd immunity threshold will substantially reduce the risks of waves from abroad arriving
domestically. This, in turn, has a much greater impact, even on new domestic infections.
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Figure 2. Daily number of infections in the US, comparison between Uncooperative and Cooperative
scenarios. The figure compares between distributing 60mln extra doses in the USA (uncooperative scenario: red
line) or in COVAX-LIC (cooperative scenario: light blue). In the baseline scenario (black line) the extra doses
are not distributed. All panels consider R, = 2.5 and the initial share of susceptible in the rest of the world equal
to 35%. (A) The figure shows the daily number of infections in the US as estimated by the SIR model, when at
time 0 the number of infected individuals equals 1000 in COVAX-LIC and is 0 everywhere else. The share of
susceptible is 35% in both the US and in the COVAX-LIC. (B) As (A), but with initial shares of susceptible equal
to 35% in the US and 45% in COVAX-LIC. (C) As (A), but with initial shares of susceptible equal to 45% in the
US and 45% in COVAX-LIC.

Results

We start by defining a measure of risk, which captures the degree of exposure of each country to infections from
the rest of the network (see Methods section) and we find that the US is particularly exposed (Supplementary
Fig. S2) because of high levels of cross border travel. Focusing on the US, we performed simulations assuming
that an infection starts somewhere else in the world. This scenario is representative of a situation in which a
population with low immunity levels experiences an internal outbreak that may then travel to other countries
through individuals’ mobility patterns. We then estimate how many people we expect to get infected in the US.

Two counterfactual alternative vaccines allocation strategies are evaluated. One is a domestic-only allocation
strategy and in the other the US donates some doses of its vaccine stock to other countries. Specifically, we assume
that the US has available a number D of extra doses of a vaccine with a modeled efficacy of 95%. These doses
could either be kept for domestic distribution (uncooperative strategy) or else distributed in any other country
(cooperative action) in the group of low-income countries belonging to COVAX Advanced Market Commit-
ment (henceforth COVAX-LIC). To compare the output of the cooperative and the uncooperative action, we
run simulations of our model and estimate the difference in the overall number of domestic cases in the US. The
framework of our analysis can be applied to an initial period of vaccine allocation, but also to a later condition
in which a country has allocated some doses domestically and is getting D additional doses.

We note that this is a hard test of the claim that cooperative vaccine distribution is desirable. While shar-
ing a scarce vaccine stock with other countries will reduce deaths in those receiving countries, we ignore those
welfare effects and instead concentrate narrowly on whether vaccine sharing is good for the donating country
rather than the recipient because self-interest is likely to be a strong motivation for embracing the cooperative
policy. Roughly, is it in the self-interest of the US to share its scarce vaccine asset to minimize domestic mortality?

Figure 2 provides three examples, each connected to a different qualitative behavior of the system. In these
simulations we focus on the US and on COVAX-LIC (for the list of countries see supplementary materials). We
fix Rp=2.5 and we keep the rest of the world with susceptibility equal to 35%, which means that these countries
are above herd immunity levels and so they do not contribute significantly to the spread of the disease. We then
consider an initial outbreak of 1000 new infections taking place in COVAX-LIC at time 0 and we follow the
spread of the disease in the US under three scenarios. The baseline scenario considers the case of not having
any extra doses of vaccine. The uncooperative scenario models the case in which 60 million extra doses are
distributed in the US (we consider 2 doses of vaccine to be necessary for 95% efficacy). Finally, the cooperative
scenario studies the case in which 60 million doses are given to COVAX-LIC (cooperative strategy). The first
panel on the left considers the case in which both the US and COVAX-LIC countries have 35% of their popula-
tion susceptible to COVID-19 before distributing the vaccine. As both countries have achieved herd immunity,
we see the impact on the US is negligible. The extra doses marginally reduce contagion, but to a degree that can
be approximated to 0 (note the very small scale of the vertical axis). This is because the disease does not spread
exponentially either domestically or abroad. In the central panel of Fig. 2 we see the case in which the US starts
with a share of susceptible equal to 35%, while COVAX-LIC countries have 45% of their population at risk (below
herd immunity). In this case, in COVAX-LIC countries the disease would spread to 5% of the population without
extra doses of vaccine, and then begin to spread to the United States. When an outbreak takes place without
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Figure 3. Share of individuals reached by the infection in the US, difference between uncooperative and
cooperative scenarios. Difference between the share of infected in the US after 60 mln extra doses are distributed
in the US (uncooperative scenario) and the share of infected in the US after the same number of doses is
distributed in COVAX-LIC (cooperative scenario) for different values of Ry and susceptibility levels. Positive
numbers (in blue) indicate a lower share of infected in the cooperative scenario. The shares of infected in the
US are estimated using a SIR compartmental model and consider the whole evolution of contagions over the
time span of 10 years. As initial condition, at time 0 we set the number of infected individuals equal to 1000 in
COVAX-LIC and 0 everywhere else. (A) Difference in shares of infected, under the assumption that R, = 1.8.
(B) As (A), but assuming R, = 2.5. (C) As (A), but assuming R, = 3.2. Each point corresponds to a different
combination of share of susceptible at time 0 in the USA and in the COVAX-LIC. In (B), Scenario 1 to 3 refer to
panels (A) to (C) in Fig. 2.

additional vaccinations, the number of cases in the US peaks sharply, while it is suppressed by about 2/3rd when
the additional vaccine doses are allocated domestically. However, allocating the additional doses cooperatively
to the COVAX-LIC countries avoids this spillover all together by preventing the foreign outbreaks that would
later spread to the US. In this case we therefore show that cooperation actions would allow for a reduction in
the spread of the disease in the US. Finally, the panel on the right depicts a case in which both the US and the
COVAX-LIC countries have relatively high rates of vulnerability and are thus below herd immunity. In this case,
while allocating the doses to other countries delays the arrival of cases in the US, domestic allocation is more
efficacious for protecting the domestic population because it allows the US to achieve herd immunity.

Figure 3 extends the analysis done in Fig. 2 to a wider set of combinations of susceptibility levels in the US
and in the COVAX-LIC countries. The x-axis is the level of susceptibility in the US and the y-axis is the level of
susceptibility in the COVAX-LIC countries. The plots display, for three different values of Ry, level curves for the
difference in cases between the two distribution strategies with 60 million vaccine doses: keeping them in the
US or distributing them abroad. We show that there are a number of circumstances, those shown in blue in the
plots, in which the US would be better off by using those doses abroad rather than internally when considering
only the benchmark of domestic US cases. As Fig. 3 shows, for a high enough share of susceptible in the US, the
uncooperative strategy would guarantee a lower number of domestic infections. This is especially true in the dark
shaded area, corresponding to the region where keeping the extra doses for the local population would allow
the US to reach herd immunity. In blue, we highlight regions in which the cooperative strategy would lead to a
smaller number of infections in the US. This is due to two factors. First, these are regions in which the US has
already reached herd immunity so the marginal return to additional vaccinations is relatively low (see Methods
section). Additionally, other countries are close enough to herd immunity that these additional doses allow them
to achieve herd immunity and prevent sustained domestic outbreaks (Supplementary Fig. S4 extends the analysis
to COVAX AMC lower and middle income countries).

Discussion

Overall, our results show that once the US (home country) reaches herd immunity, it may be more effective to
reduce domestic infections by engaging in cooperative vaccination distribution, sharing doses with other coun-
tries, rather than behaving uncooperatively and using the vaccines only domestically. This happens because the
number of infections at home depends on two factors and how they interact. First, it depends on the number of
infected individuals who reach the country from abroad. This quantity is a function of the share of immuniza-
tions abroad and of the network of connections, which we consider as fixed. A higher share of immunizations
abroad would reduce the expected number of cases in these countries and therefore it would also reduce the
expected number of infected individuals who may reach the home country. Second, the number of infections
at home depends on the share of vaccinated individuals at home. A higher share of immunized people in the
home country not only reduces the number of those who can get infected and can thus increase circulation, but
it also reduces the share of susceptible individuals who may be reached by the disease. This is the fundamental
trade-off that we highlight in this paper.
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By sharing vaccine doses, a country benefits from a reduction in the number of cases from abroad at the
expense of more contagion once an infected individual reaches the home country. These two effects—the number
of cases from abroad and the spread of the disease at home-are not linear functions of the number of immuni-
zations. Instead, they also depend on the initial level of immunized individuals both domestically and abroad.
Additional doses have a greater impact on the country in which they are distributed if the country is below, but
close to, the herd immunity threshold. If a country is already above herd immunity, however, further domestic
vaccinations have a much smaller effect in preventing sustained domestic transition. This explains why we find
parameter regions in which the benefits from reducing contagions abroad dominate, and the home country-in
our example, the US-would benefit from giving vaccine doses to other countries (as shown in Figs. 2 and 3).
Although we take US as an example, our results generalize to other countries as well.

We approach the question of optimal vaccine distribution from a country’s self-interest perspective, which to
our knowledge has not been attempted before. We build on prior work by Chinazzi et al."* who argued that equity
justifies cooperative vaccine distribution because it would reduce by a factor of two overall global deaths. Our
results show that in addition to reducing total global deaths, it may also be in a country’s self-interest, defined
narrowly as its domestic disease burden, to share vaccines once it has achieved a certain threshold to prevent
infections domestically. The use of a simple but analytically solvable network SIR model allows us to make general
predictions and compare many different scenarios.

Our model parameters are based on current understandings of SARS-CoV-2 and vaccine efficacy, which
may change as more information becomes available. However, our model is robust to different specifications of
these parameters. Varying Ry between 1.5 and 3.2 and the vaccine efficacy between 0.9 and 1 did not change the
results. This work was undertaken before the evolution of the delta variant with a higher Ry value. However, the
broader principle of self-interest still holds, although a country would need to have a higher number of people
vaccinated (because achieving herd immunity becomes harder) before the cooperative strategy would generate
a domestic benefit, which is shown in Fig. 3 (lower left region colored blue).

We use travel data from 2019 for network specifications. This does not account for reduced travel and travel
restrictions in place during the pandemic. However, as our goal is to evaluate what is in a country’s self-interest,
including economic interest, a pre-pandemic specification is more relevant for understanding how to maximize
a country’s well-being. Importantly, as vaccination becomes widespread in the US, a cooperative distribution
strategy will allow the US to keep its international borders open and avert economic losses inherent to the border
closing. If travel remains below the levels modeled here, then it would reduce somewhat the return to foreign
vaccine allocation.

Several other factors, beyond those considered in our model, may also motivate allocating vaccines abroad.
First, it may be that distributing vaccines abroad may reduce total worldwide caseloads, while we consider only
the effects of allocations on domestic infections. Second, there may be other self-interested arguments for sharing
vaccines globally. For example, sharing vaccines abroad may reduce the probability that vaccine avoidant vari-
ants emerge or reduce economic losses caused by trade disruptions associated with foreign cases'*. Additionally,
our model does not account for differences in the cost of vaccine delivery across countries or for differences
in the speed of administration. Assuming foreign delivery was more costly or slower, it would slightly reduce
the incentive to allocate vaccines abroad. Nevertheless, we note that the speed of vaccine delivery has slowed
in many countries with relative high levels of immunization, while at the same time we see evidence of higher
vaccine acceptance in low- and middle-income countries'. From a public policy perspective, this consideration
highlights the importance of thinking not just about the availability of vaccines, but also about support for the
infrastructure to transport, store, and deliver the vaccine to end users.

Methods
Single country SIR model.  We start from the standard SIR model'®. The equations of the SIR model are
@ =PI ()
d — IS — vl )
G = 3)

where S, I and R are respectively the fraction of susceptible, infected, and recovered people. f and v are respec-
tively the infectiousness of and recovery rate from the disease. Note that 8 and v depend on policy choices that
are, for instance, mask wearing, social distancing, quarantine measures, and health care expenditures. Also note
that, if there is a vaccination that guarantees temporary immunization, also the level Sy of S that we start from is
a policy choice: how many people to maintain vaccinated in steady state.

We call Ry = B/v. The system, in a situation in which I=0 and R>0, is stable to perturbations if S(t=0) <1/
Ry, which is to say that R>1-1/R,. We assume R,> 1, to consider the interesting case where computations are
not trivial, and we call P, = 1 — 1/R the threshold for herd immunity.

Starting from a stable situation, with $=S,, we can compute the number of additional infection (leading even-
tually to recoveries) if there is an initial shock I(t=0). Starting by dividing (2) by (1), We have % =-1+ ﬁ,
which gives

dI = (—1+ﬁ)ds (4)
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Integrating de_ S (—l—i— W)ds we obtain [I]5° = [—S—i— R—O}O . This in turn becomes

I(t = 0) = (St = 0)) — p(Swo), if we call (x) = x — log®)

So, how many additional people will get infected can be OT)talned (in general, non-analytically) from this ¢ (x)
function. The infection can spread to a limited part of the population (and not many) only if ¢ is decreasing in
So (which is just the previous condition S < 1/R,, which means starting from a stable situations).

The multiplicative effect of a small shock, when starting from a stable steady, can be computed as1/¢’, which
we defineasd = ﬁ This number is greater when we are close to the minimal herd immunity (at the limit
S(t = 0)— 1/R, it is infinite) and goes to 0 as S(t = 0) — 0. This means that if the system is stable, but close to the
minimal level of herd immunity, a very small shock can still propagate a lot. In this way, we relate the propagation
of small shocks to the three policy variables that a country has: 8, vand S(t = 0). § is increasing in f and Ry, and
it is decreasing in v. Note also that ¢ can be obtained directly from Eq. (4), without taking the integrals. This is
because we are just approximating linearly the effects of small shocks.

Network of countries. Consider a situation where there are n connected countries. Each country j has its
own Roj = Bj/vjand its own P, ;. All these variables are heterogeneous across countries because they depend on
the medical and social policies that are chosen.

Consider a network G where gy ; is the number of people moving from country k visiting country j, divided
by the population of country j. G is null in the diagonal.

In the network, Eq. (2) becomes % =B I + > Ixgkj | Sj — vjI;. In this case we can include the network
k
effect in Eq. (4), obtaining:

dljz(—1+ﬁ ng”>dsj (5)

Let us call D the diagonal matrix where the diagonal element djj -. Iis the identity matrix. Then, under

jj iS o= 5 R
the assumptions that for small initial shocks we have II ~ 1, we can write Eq. (5) in vectorial form as
dI = (—I 4+ D — G)dS. This can be inverted, to find with a linear approximation how many new infected (even-
tually recovered) will result from an initial shock I(t= 0). That is dS=(—I+D — G)~ 147, So, matrix
(-I+D~G) " tells us how the level of infection is from each country to any other country. One way to interpret
this expression is with a discrete time approach. The first-order effect of the contagion dl is (D — G)dI: the
diagonal element accounts for recoveries, while G has all the network effects (we have a minus sign because this
is the decrease in susceptible people). But there is a second order effect in the second step, which is (D — G)dI;
and then (D — G)3dI, and so on. This amounts to

S (D - G)'dl = (-1 + D — 6)\dl (6)

t=1

Formula (6) is equivalent to the formula for Bonacich centrality'”!8.

To have a clearer interpretation, let 71 be the inhabitants of each country and Diag(m) be the diagonal matrix
in which the diagonal consists of vector m. With this notation in mind, the matrix

Diag(in)(—I + D — G) ' Diag(in) ™! )

tells how many people in each column-country will be infected if one person is infected in row-country.

Measures of risk. We can start from the matrix expressed in Eq. (7) to identify some intuitive measures of
risk for the countries. To begin, consider that if we set dI to a vector 1 of all 1’s, we obtain a vector
¢ = (—I+D — G)~'1. A country j that has ¢; relatively higher with respect to other countries, will be more at
risk of propagation of the infection among its populatlon Note that, without network effects, this expression will
giveus ¢ = 3; = %, which was the result in isolation. So, this vector tells us which country is more suscep-
tible to the propagation of the infection.

This approach allows us to study how a country can reduce its own ¢; playing at one side with the medical
parameters f3; (e.g., lockdown measures and policies on masks), v; (e.g., better cures, isolation of infected people)
and R(t=0) ; (number of vaccinated people, once a vaccine is available)—all these factors affect matrix D; at the
other side with G (possibly closing borders, or controlling people entering the country). Vector ¢ includes all
these aspects and takes into account the externalities between countries. The problem with vector ¢ is that it has
not an immediate intuitive interpretation. Now, to express more intuitive measures, we need a vector p assigning
the probability that a first positive infect appears in each country. We do this b?f 0bta1n1ng two vectors.

First, we consider which country is more at risk. Diag(m)(—I + D — G) ' Diag(m)~ p is a column vector
that says how at risk each country is. Entry i of this vector says, in expectation, how many people will become
infected in country i if a first person is infected in any of the countries. A simple candidate for p is 71/ (77 - 1)
where 1 is a vector of all 1’s and - is the vector multiplication. This assumes that the probability that an infection
starts is a country is simply proportional to its population. Under this assumption, the previous vector is

Diag(p)(~-1+D - G)™" (8)

We call this the risk measure.
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Second, we consider which country is more dangerous.
1'Diag (i) (—I + D — G)~' Diag (i) ™" 9)

is a row vector that says how dangerous each country is. Entry i in this vector tells us how many infections will
be caused by a person getting infected in country i. We call this the danger measure. Note that, even if matrix G
is symmetric, risk measure from (8) and danger measure from (9) are different, because of the different popula-
tion size of the countries. One could also change the formula in (9), so that the diagonal elements are removed
from (-I+D—G)": in this case we would have a danger to others measure, because we should not compute
those that eventually become infected in the country where the disease originated.

These results are valid for small effects, that are obtained when all countries have herd immunity. To study
the effects when a country is below herd immunity we must rely on simulations.

The marginal effect of vaccinations. We proceed by simulating the system described by Egs. (1), (2),
and (3). The data on population were retrieved from The World Bank. We first simulate the model for the US,
to study which fraction of the population would be eventually reached in case of an initial shock of 1000 people
infected at time 0. We let the model run for 10 years and ignore the rest of the network. The fraction of popula-
tion eventually reached by the infection is a function of the initial share of susceptible.

This analysis allows to study the reduction in the number of infections that can be obtained by reducing by 30
million the number of susceptible individuals in the country, this can be interpreted as the marginal effect of 60
million doses of vaccine. This number is function of the initial share of susceptible individuals. When the initial
share of susceptible individuals is low, the reduction in the number of infections is close to 0, as the initial shock
would propagate little across the population. The number grows and reaches a peak that corresponds to the herd
immunity threshold. In this point the extra doses of vaccine would have the largest impact as they would allow
the system to reach herd immunity (Supplementary Fig. S3).

Simulations with data on flights. We proceed by simulating the system described by Egs. (1), (5), and
(3) using data on flights for the year 2019. Data were obtained from ICAO and contain information on the num-
ber of passengers in international flights. In the network we therefore use countries as nodes. Links represent
the average daily number of passengers going from one country to another. A graphical representation of this
network is in Supplementary Fig. S1. Supplementary Fig. S2 shows the same network, where nodes sizes are
proportional to the risk measure defined above.

We set y=1/18 that corresponds to an average duration of illness of 18 days'®. We simulate the model under
various assumptions for the level of susceptible individuals in each country. When considering countries belong-
ing to COVAX-LIC, we aggregate so that they appear as a single unit. To do that, we take the total population
summing across all countries. For the network, we perform a similar operation, considering all flights that con-
nect any of the COVAX-LIC countries with any other country in the network. To solve the system of differential
equations we use SciPy? integrate.solve ivp solver, using Adams/BDF method. Matplotlib?! was used to make
Figs. 1, 2, 3, S3, and S4. Gephi*? was used to make Figures S1 and S2.

Data availability
All code will be made publicly available to download. Data on flight connections are restricted and can be
downloaded from the provider’s website.
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