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Strategies for COVID-19
vaccination under a shortage
scenario: a geo-stochastic
modelling approach

N. L. Barreiro™, C. I. Ventura?, T. Govezensky?, M. Nuiiez**$, P. G. Bolcatto’ &
R. A. Barrio®?8

In a world being hit by waves of COVID-19, vaccination is a light on the horizon. However, the roll-
out of vaccination strategies and their influence on the pandemic are still open questions. In order

to compare the effect of various strategies proposed by the World Health Organization and other
authorities, a previously developed SEIRS stochastic model of geographical spreading of the virus

is extended by adding a compartment for vaccinated people. The parameters of the model were
fitted to describe the pandemic evolution in Argentina, Mexico and Spain to analyze the effect of the
proposed vaccination strategies. The mobility parameters allow to simulate different social behaviors
(e.g. lock-down interventions). Schemes in which vaccines are applied homogeneously in all the
country, or limited to the most densely-populated areas, are simulated and compared. The second
strategy is found to be more effective. Moreover, under the current global shortage of vaccines, it
should be remarked that immunization is enhanced when mobility is reduced. Additionally, repetition
of vaccination campaigns should be timed considering the immunity lapse of the vaccinated (and
recovered) people. Finally, the model is extended to include the effect of isolation of detected positive
cases, shown to be important to reduce infections.

Since the early appearance of SARS-CoV-2 in November 2019 in Wuhan, the world faces a new disease, COVID-
19. All governments, without exception, had to quickly devise strategies against this unexpected threat to public
health. Meanwhile, the scientific community is advancing in the understanding of all aspects of this disease,
which has become a pandemic at a fast rate and with a strength unknown in contemporary history (i.e. more
than 127 million cases and 2.7 million deaths worldwide in 16 months)'. Some countries are going through the
effects of a second or third wave of infections while others are still suffering the first. As the top priority is to
diminish the number of susceptible people, in order to minimize the propagation of the virus, several laboratories
started to develop vaccines last year. Many of them have reached promising advances and the first generation of
vaccines has been already validated by health authorities in many countries’.

At present, various emergency-approved vaccines have reached an efficacy above 90% in preventing COVID-
19 infections, and more importantly, they protect against serious cases requiring hospitalization and reduce
lethality.

As a consequence, different vaccination plans and strategies have emerged around the world. More than 1 year
after the isolation of the virus* some people have already been vaccinated (about 320 million people, i.e. ~ 4.1 % of
the world population, have received a single dose of vaccine at least, the proportion depending on the country®).

Nevertheless, at present vaccine shortage prevails, and international requests are made to the laboratories to
increase their vaccine production. More recently, new variants of SARS-CoV-2 with different mutations were
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detected (e.g. in UK®, Brazil, SouthAfrica’), which are more transmissible than the previously circulating strain
of the virus.

This raises questions about the efficacy of the first set of approved vaccines against the new strains. In any
case, this reinforces the need to minimize the propagation of the virus as fast as possible, since contagion favors
the appearance of mutations and eventually also of vaccine-resistant strains.

Due to the novelty of the problem, many open questions remain. A critical point to be considered is the
immunity period of time provided by the different developed vaccines. It is not clear yet if the immunity lasts a
few months, or if it could reach a year. Therefore, even if the problems regarding production, commercialization,
distribution logistics, legal aspects,etc. were solved, the schedule or strategies of vaccination are not closed issues.

The complexity of the problem deserves to be treated multidisciplinarily. In this sense compartmental models
have been useful to describe and predict different disease scenarios®. In particular for countries with large ter-
ritories and heterogeneous population distribution, such as Mexico and Argentina, geographical spread of the
disease must be considered. This family of classical compartmental models can be useful tools only if a degree
of local stochasticity is added®'?, accounting for the social behavior (mobility, familiar relationships, etc.)!!. In
this work, we have extended previous approaches by including the possibility of a decrease in the number of
susceptible people, as a consequence of a schedule of massive vaccination.

Concretely, we use a SEIRS (Susceptible, Exposed, Infected, Recovered, Susceptible) stochastic model of geo-
graphical spreading of the disease!® and added a compartment to account for vaccinated people, which during
the vaccine immunity-period are removed from the susceptible group. We fit the model parameters describing
the pandemic evolution in Argentina, Mexico and Spain, respectively, and we analyze the effect of various vac-
cination strategies with different number of stages and timing regarding their application.

These strategies are based on realistic proposals by the World Health Organization (WHO) and governments,
and account for different social behaviors (as lock-down limitations on mobility e.g.), and also if the vaccines
are applied either homogeneously or limited to the most densely-populated areas.

Finally, we also included the effect of quarantines on detected positive cases, an effective measure used to
reduce infections in many countries, in order to improve the description of the pandemic evolution'! and thus
assess the long-term vaccination effects more realistically.

Our analyses focus on three different countries (Argentina, Mexico, and Spain), however, the approach could
be applied to any country or local jurisdiction that needs to devise a vaccination plan.

In the next section we present the model, then we exhibit and analyze our results, and finally we discuss them,
remarking their relevance in order to optimize the effect of vaccination plans in the context of vaccine shortages.

Model

The present model includes the virus spreading at two levels: (i) Local dynamics: consisting of a compartmental
model whose constant parameters are related to the specific disease agent and the host’s immune response, and
(ii) Global dynamics of geographical disease spreading: involving mobility parameters related to social habits
of the country and affected, at different times, by different non-pharmaceutical interventions by the different
governments.

In order to implement the model, a geographical map of the region of interest is divided into square cells
with coordinates (i, j), covering the whole region. Roads between cities were used to allow short or long dis-
tance travelling within the grid. Population size (N) is assumed to be constant during the simulated period. If
life expectancy is given by L and for the mortality we assume an exponential functional form with constant rate
1 = 1/L, then the birth rate should be equal to . N.

Population density heterogeneity is considered by using a matrix whose entries are the actual population
densities (o (i,)) inside each cell (at position (i, f)).

The local dynamics within each cell is calculated using a model with four different compartments (see Fig. 1).
These include the susceptible individuals (S(i, j)) that might become exposed (E(i, f)) yet not infectious. They
become infected (I(i, j)) after the incubation period € and remain in that state for o days. Afterwards they become
recovered (R(, j)) individuals, remain immune for w days and close the cycle by becoming susceptible again
according to the survival parameter S. Vaccines are applied to susceptible people according to a vaccination
rate v,. Considering that vaccines arrive in batches, this value is adjusted in each study in order to guarantee
the proper administration of all available vaccines in each lot. It is assumed that individuals in the vaccinated
(V(i, j)) compartment have already received as many shots as recommended by pharmaceutics and have devel-
oped immunity, thus do not transmit the infection.

However this immunity lasts § days and people become susceptible again after that period. Vaccines are
considered 100% effective which is a strong assumption. All time parameters are constant and dimensionless,
expressed in a time scale of 1 day. Based on these assumptions the model is expressed by the discrete mathemati-
cal map detailed in Egs. (1-5) .
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Figure 1. Compartment scheme of a SEIRS-V model. €, o and w are the latency, infectiousness and immunity
periods, v,, 8 and S are the vaccination rate, the vaccine immunity period and the survival parameter,
respectively.

Vit1(,j) =¢q [Vt(i>j) +vry S¢(i,5) — q‘s_lvrt—a Si—s (1',]')} (5)

The sum N (i,j) = S(,j) + E(i,j) + I(i,j) + R(i,j) + V(i,j), is normalized to 1 at t = 1. The incidence func-
tion G¢ (4, /) = S¢(,§) p (i, ) (1 — e Pl jsbased on a Poisson probability distribution, assuming a homogeneous
mixing within every cell, and taking into account the population density of the specific cell (i, j). The transmis-
sion parameter f§ is constant and does not depend on population density or mobility but it is a characteristic of
the specific pathogen.

It is considered that people sometimes move locally in non-predictable ways. Therefore, randomness is added
to cell dynamics. A local mobility parameter per cell (0 < v, < 1) is compared with a random number from
a flat distribution (r); if v, < r the epidemic proceeds, otherwise no new infected cases accumulate in that cell
due to low mobility during that day.

Global dynamics. Three mobility mechanisms cause geographical spreading of the virus: by displacements
to neighbor cells, by long distance travelling, and by seemingly random trips causing the spread of the disease
to remote areas.

Virus spreading to neighbors is often modeled as a diffusion process. An alternative approach is used here
by assuming a stochastic process with average cell to cell mobility 0 < v, < 1using a Metropolis Monte-Carlo
algorithm. Cells considered as possible spreaders are defined with I; (i, j) > 1,7 being a parameter related to the
infectiousness of the disease. For example, considering (i,j + 1) as neighbor cell then if v, <r becomes infected
thenS;(i,j+ 1) =1—nand L;(i,j + 1) = n.

Long distance travel takes place by air and land thus we define a long distance mobility parameter 0 < v, < 1.
A Metropolis Monte-Carlo algorithm is run again to define if the disease is propagated from cell (i, ) to cell
(m, n). The flows of people between large cities are greater than between small ones. Therefore, in this case
vap (i,§) p(m, n) is compared to r. As before, spreader cells are those where I; (i, ) > 7.

One needs to consider the appearance of epidemic outbreaks in unexpected places because people make
unpredictable trips to distant sites therefore we assume noise in the transmission process. Considering this noise
as analogous to the “kinetic energy” of the system, ife™'/XT" > rand p(i, j) >T, (with T being a normalized popu-
lation density threshold), then the disease is started in the cell (i,j) by making I; (m, n) = nand S¢(m,n) = 1 — 1.

Numerical calculations were performed using maps of population density and road connections for the
various countries. (see Supplementary Information: Fig. S1) The size of the grid was of the order of few km?.
Since in this model parameters associated with the pathogen and host’s immune response are independent of
population density and of people’s mobility, we used 8 = 0.91,€ = 1,0 = 14 and w = 140, as in Barrio et al.'?,
and Barreiro et al.'!, for all countries. For simplicity, mobility parameters are considered equal v, = v; = v, = v.
The parameter v changes along time according to non-pharmaceutical interventions adopted by each specific
government at specific dates.

Parameter space exploration

The present shortage of vaccines worldwide highlights the need to propose coherent and lasting strategies to
eradicate the pandemic. The model above allows to simulate and analyze different scenarios and administration
schemes, in order to determine the parameters that are most relevant to stop the spread of the disease.

With this objective in mind we chose three countries as model systems, namely, Argentina, Spain and Mexico.
These countries were chosen because they allow to compare specific aspects of the model. For instance, Argentina
and Spain have a similar populations (45 and 47 million, respectively) but they are spatially distributed in a dif-
ferent way. While Argentina has a large territory with few overpopulated areas surrounded by territories with few
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Figure 2. Argentina: Dynamics of daily cases, general results for different values of vaccine-induced immunity
period (8). Results for different periods between stages and vaccine geographic distributions. Vertical lines
indicate the start of each vaccination stage. The shaded areas correspond to the standard error of each curve.

people, Spain has a more homogeneous distribution of its population. This leads to quite different connections
among cities (flow of travellers).

Argentina and Mexico are populated quite heterogeneously but they have very different total populations:
127 and 45 million respectively.

These features are ideal to compare the effect of the model parameters, such as mobility or the increase in the
number of vaccines, in different contexts.

In order to analyze their influence in the pandemic evolution, we considered different vaccination strate-
gies by varying (a) The total number of vaccines administered in different stages according to their availability ;
(b) the timing between stages; (c) the vaccine immunity time, §, which is yet uncertain; (d) the social behavior
(reflected on people’s mobility) once vaccination begins, and (e) the distribution of vaccines, by assuming that
the vaccines are applied homogeneously across the country, or vaccinating only in the most densely populated
areas. We assume that the efficiency of the vaccines is 100%. If the vaccines were less effective, in this model it
would be equivalent to considering that the number of administered vaccines was lower.

At present, in most of the world the number of vaccines is lower than needed. Therefore, it is not possible
to ensure their availability, according to the plans made by each government, and many delays are expected.
Furthermore, there are multiple variables (political, economical and social) that affect social behavior making it
difficult to predict future mobility in each country. Because of this, we emphasize that we do not intend to make
specific predictions (although a concrete application of the model would allow it) but to compare different vac-
cination scenarios presently under consideration by the corresponding decision makers.

Immunity period and distribution strategies. Due to constraints on the availability of vaccines in the
great majority of countries, different vaccine distribution schemes have been proposed (see a review by Wouters
et al.!?).

To avoid a repetition of the uneven access to vaccines in the HIN1 influenza pandemic of 2009, in April 2020
the World Health Organization announced the creation of the Covid-19 Vaccine Global Access Facility (COVAX),
joined already by two-thirds of the world’s countries. To protect the majority of the world’s population against
the virus spread and its global impact, COVAX was launched with the initial aim of having 2 billion global vac-
cine doses available by end of 2021, and a distribution in stages. To ensure equitable access to the world’s largest
and most diverse portfolio of safe and effective vaccines, each participant country can request vaccines to cover
between 10 and 50% of its population, though will not receive above 20% before all other interested countries
received that percentage.

Studies support such a global equitable scheme (see e.g in Chinazzi et al.'*), predicting a 50% reduction in
the number of global deaths could be obtained if the Covid vaccines were distributed proportionally to each
country’s population, instead of reserving two-thirds of the vaccines for higher-income countries.

Furthermore, considering the expected initial very limited vaccine supply, two initial stages were suggested
by the WHO to reach that 20% coverage of each country’s population: a first stage covering 3%, followed by
17%. Here, we decided to simulate three vaccination stages: those first two WHO-suggested ones, adding a third
stage covering 40% of the population, in order to reach a total of 60% of the population vaccinated (closer to the
expected values for COVID herd immunity).

Since the vaccine immunity period § is yet unknown, three values of the parameter were assessed, varying the
time between stages accordingly. Figure 2 shows the results for the case of Argentina. In Strategy 1: the first stage
starts at day 300 after the appearance of the first COVID case, second stage at day 330 and third stage at day 390.
In Strategy 2: the first stage starts at day 300, second stage at day 390 and third stage at day 480. Two different
geographic distributions of the vaccines are shown: homogeneous, and limited to the most densely populated
cities. In all scenarios mobility remains constant from day 300 onward.
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Figure 3. Dynamics of daily cases, general results for different vaccination coverage, for two § values. Vertical
lines indicate the start of each vaccination stage. The shaded areas correspond to the standard error of each
curve.

Figure 2 evidences that § affects the timing of a new COVID outbreak and also the value of the minimum in
the number of daily cases (incidence).

Incidence decline depends on the timing between stages, in particular, shorter times between stages are more
efficient in lowering the total number of cases (see Table S2 in the Supplementary Information). If vaccines are
not available for longer periods, so that the time between vaccination stages is longer, the incidence decline is
slower and small rebounds may be observed. Although the new outbreak, up to day 720 seems higher for Strategy
2 (see supplementary information Table S2).

Our results show that in case of vaccine shortage, applying doses to the most densely populated areas is more
effective, since the total number of cases decreases faster. Furthermore, the minimum number of daily cases
reached is lower than when vaccinating homogeneously in the country. The effect is clearly observed for Strategy
1 (further information in Additional Results section of the Supplementary Information).

Vaccination coverage. To further investigate the effect of the total number of vaccines administered, cal-
culations with Strategy 1 (described above) were performed. An homogeneous distribution of vaccines was
simulated while the number of vaccines applied was changed at the third stage from 10 to 50% to obtain a total
final coverage of 30% to 70%. Two values of § were used. The results are summarized in Fig. 3.

For the case of § = 180 days, even with 70% of the population vaccinated, a second wave is observed. How-
ever, if only 30% of the population is vaccinated, the incidence lowers, but a steady low incidence period is not
observed. In all cases, a second wave starts as the number of immune people decreases, even when 70% of the
population is inoculated. When 30%, 40% or 50% of the population is vaccinated, the number of daily cases on
day 720 reaches the same levels observed at the maximum of the first wave.

If 8§ = 360 days, the lowest incidence level reached depends on the percentage of the population vaccinated.
However, in all cases a slow but continuous increase in incidence is observed, giving rise to the appearance of a
new wave. Only when vaccinating 70% of the population the number of daily cases remains very low (approxi-
mately 10 cases per day) all thru to the end of the simulation.

Impact of social behavior. Social behavior is reflected in the mobility parameters used in the model to fit
the reported data for a country. Figure 4 shows the evolution of the pandemic according to different aspects of
vaccination and social behavior in Argentina and Spain. All simulations assume that the vaccines are distributed
in 5 stages, as detailed in the upper panel of Table 1. Three curves are compared in each graph: (1) homogeneous
vaccine distribution, (2) vaccines applied only in cities with population density above a threshold (see maps with
cities included in Fig. S1 in the Supplementary information), and (3) a baseline without vaccination.

Figure 4A shows the pandemic evolution in Argentina for the case of low mobility. It simulates a strict lock-
down starting in January 2021. It can be observed , as expected, that the amount of daily cases is reduced after
a few months. In this case there is no difference between vaccine distribution methods as both of them reduce
the amount of daily cases to a minimum. However, due to economic and social stress, it should not be expected
that this low mobility could be sustained for a long time. Thus other two situations were modeled, namely with
medium and high mobility.

Figure 4B shows the evolution of daily cases when social distancing measures are somewhat relaxed. In this
case there is a noticeable difference between providing vaccines or not. Moreover, while a homogeneous distribu-
tion of vaccines seems to drastically diminish the amount of daily cases, the strategy that reduces the infections
to zero is based on prioritizing highly populated areas .
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# of stage Period Argentina vaccines (millions) | Spain vaccines (millons)
Ist January 0.3 0.31
2nd February 5 5.2
3rd March-April 5 5.2
4th May-July 9 9.37
5th August onward | 8.7 9.06
# of stage | Period Mexico vaccines (millons)

Ist February 0.125

2nd March 17.1

3rd April 13.7

4th May 16.5

5th June onward Rest of the population

Table 1. Distribution of vaccines to 62% of the population in Argentina and Spain (upper table). Distribution
of vaccines to the whole population of Mexico (lower table).

Figure 4C shows the model simulations with high mobility, representing the case for no social distancing
measures at all. In this situation there is a time lag between the application of the vaccines and their effect,
observed on the amount of daily cases, as they keep increasing for a while.

The vaccination of people in highly populated areas is clearly a better strategy to reduce the amount of daily
cases This is because most of the infectious hot spots appear in densely populated areas. From there people carry
the disease to smaller cities and towns. Moreover, when the main infection sources are turned off, the disease
tends to disappear in the whole country.

From these considerations it can be concluded that good results could be achieved for Argentina by applying
a strategy combining social distancing and vaccination, even if only 62% of the population were immunized,
This percentage corresponds to 28 million people, which is the maximum number of vaccines that might be
purchased in Argentina during the whole 2021 year, according to the approved national budget (see Fig. S3 in
Supplementary Information).

A similar analysis was performed for the case of Spain modeling analogous vaccination strategies under
different representative mobilities (see upper panel in Table 1). Although in this case the strategy is modified in
order to vaccinate the same percentage of people at each stage, as it is the case for Argentina (covering 62% of
the total population).

Figure 4D-F show the daily cases in Spain for low, medium and high mobility respectively. There are three
curves in each graph, representing the different vaccination schemes: no vaccination, homogeneous vaccination,
and vaccination prioritizing the densely populated cities. All three figures confirm that delivering vaccines in the
most densely populated areas is the most efficient method to reduce the number of daily cases.

However, the strategy of distributing doses to only 62% of the population is not as effective in Spain as it is
in Argentina for reducing the daily cases. Mobility has a more important role in the virus spread in Spain, as
the graphs show. This could be understood in terms of geographic extension and intercity connections: While
Argentina has a larger territory and many small isolated cities, Spain is more densely populated and very much
connected, in average. Therefore, further outbreaks spread faster throughout the Spanish territory making it
harder to stop the pandemic. This points to the conclusion that herd immunity is not only related to the amount
of vaccines given but also to other characteristics of the country, for instance, geographic extension, connec-
tions, social behavior, etc.

Notice that in Fig. 4D-F a second vaccination scheme was included for year 2022 (a span of 720 days after the
first infected case was reported). Since the immunity of the vaccine is assumed to be of 180 days, a rebound of
cases is expected in early 2022 due to the loss of vaccine-immunity. Because of this, a periodical immunization
scheme should be considered essential in order to reduce the impact of the pandemic. More examples stressing
this point will be shown in the next section.

Periodical vaccination scheme. As the pandemic seems to be significantly reduced after an adequate
relation between responsible social behavior and vaccination, a new question emerges. How long will it last? In
order to answer this question we propose different scenarios in Argentina and Mexico that are shown in Fig. 5.
The vaccination strategy for Argentina is the same as in Table 1. For Mexico we took into account the strategy
announced by the government in November 2020. In this case vaccines will be given to the whole population in
progressive steps (like e.g. discussed by WHO", or Matrajt et al.'®).

First, Mexico will vaccinate health workers, then, people aged more than 60 years. Next, people between 50
and 59, after them people between 40 and 49 , and finally, the rest of the population. Taking into account the
proportion of the population considered in each age group, we estimated the vaccination strategy shown in the
lower panel of Table 1.

Figure 5A,C show 2 curves: a baseline without vaccines, and homogeneous distribution of vaccines for a
scenario where vaccines are given only during 2021. Since in our simulations we assumed that the vaccines
provide an immunity period of 180 days, it is expected that the virus will start to spread again and yield a new
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Figure 4. Pandemic evolution in Argentina (left) and Spain (right) according to social behavior. Upper figures
(A and D) show the expected number of infected persons in a low mobility scenario; while figures (B and E)
correspond to a medium mobility scenario, and lower figures (C and F) to a high mobility scenario. In each
graph we consider 3 possible vaccine distributions: None (upper curve), homogeneous, and vaccines applied
only in densely populated areas (lowest curve).

peak in 2022, reaching the levels of the no-vaccination curve. This behavior is expected to be similar for any
vaccine distribution method.

Figure 5B,D show 3 curves: a baseline without vaccines and two types of distributions, homogeneous or
vaccination only in more densely populated areas. In this scenario vaccines are distributed as in Table 1 during
2021 and 2022 resulting in a significant reduction of the second peak for both countries. It should be noticed
that the appearance of this second peak is strongly related to the vaccine immunity period, 8. A longer period
would imply a smaller peak, as far as the same strategy is repeated the next year. But if no vaccines are given the
second year, the increment in the daily cases will occur anyway at some point in the future.

As a conclusion and independently of the actual value of 8, it is clear that vaccines should be administered to
the population periodically to avoid the long term virus spreading. Again, the application of vaccines in highly
populated areas gives better results than an homogeneous distribution of doses.

SEIQRS-V model. Previous studies'’"*” have shown that most countries are capable of detecting only a frac-
tion of the infected cases. The reason being that most people are asymptomatic or present mild symptoms?"*
and do not always seek for medical attention?.
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Figure 5. Pandemic evolution in Argentina (A and B) and Mexico (C and D) according to distribution

of vaccines. Figures (A) and (C) show the daily cases if the vaccines are applied only during 2021 and the
vaccination schemes are not repeated during 2022. In order to compare the results with the cases expected
for the regarded mobility, a curve without vaccination (upper curve in each graph) is also included. Figures
(B) and (D) show the effect of adding a new vaccination scheme during year 2022. Here we also confirm that
vaccination in the most densely populated areas is an additional strategy to reduce the case count. The shaded
areas correspond to the standard error of each curve.

Many articles have emphasized the need to improve infected tracking and contact tracing, as a way to reduce
the incidence of the pandemic by isolating those detected as positive?*-?%. Taking this into account, track and
trace policies, along with social distancing and vaccination, should be considered the main pillars to eradicate
the pandemic.

With this in mind, we added a new compartment to our model in order to consider infected people who were
isolated. The model with the quarantined (Q) compartment is described in detail in Barreiro et al.''.

In this work we assume that only a fraction p of people who is actually ill is tested and that they get isolated
after o days of being infected. In this way, this p fraction of people stop infecting others reducing the pandemic
evolution rate (for more information see Supplementary Information: SEIQRS-V Model section).

It is important to keep in mind that, in this model, government official data for infected cases coincide with
the quarantined persons, i.e. we assume that all the people who tested positive are in fact isolated and counted
as ill by authorities.

In the present work we applied this model to Argentina, Spain and Mexico. As in the SEIRS-V model dis-
cussed above, we used the same values for j, €, o and w for all the countries. p, @ and S where estimated from
official data and previous studies. The mobility parameter was fitted in function of time according to changes
in policies and social behavior.

Vaccination strategies used in this case can be found in Tables 1 and 2. In all the cases shown, the same vac-
cination strategy is repeated in 2021 and 2022. The immunity period of the vaccine, §, was conservatively fixed
at 180 days.

SEIQRS-V model comparison. In this section we compare the results of different vaccination strategies
for the three countries considered.
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# of stage Period Amount of vaccines (millons)
Ist February 23
2nd March 4.5
3rd April 6.6
4th May 6.6
5th June 6.6
6th July 6.6

Table 2. Distribution of vaccines in Spain (70% of the population vaccinated until the summer, according to
the objectives of the Spanish government®). We delayed the strategy 1 month, to consider the time needed for
actual immunization.
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Figure 6. SEIQRS-V model for pandemic evolution in Argentina,Spain and Mexico according to distribution of
vaccines.Data updated as of March 7, 2021 (A) Model prediction for Argentina, overlapped with 7 day average
of actual daily cases. (B) Immunized people and vaccination strategy for Argentina according to distribution

of vaccines on Table 1 . (C) Model prediction for Spain overlapped with 7 day average of actual daily cases.

(D) Immunized people and vaccination strategy in Spain according to distribution of vaccines (see Table 2).

(E) Model prediction for Mexico overlapped with 7 day average of actual daily cases. (F) Immunized people

and vaccination strategy in Mexico according to distribution of vaccines (see Table 1). Solid and dashed lines
respectively correspond to first and second vaccination year. Horizontal lines in the lower Fig. indicate the
available amount of vaccines for each vertical stage (of equal color and aspect).The shaded areas correspond to
the standard error of each curve.

Figure 6 shows the SEIQRS-V model predictions. Day 1 in the figures coincides with the date of the first
reported COVID-19 case in each country. In the Johns Hopkins University database’ these dates are March 3rd,
February 1st and February 27th for Argentina, Spain and Mexico, respectively.

For the case of Argentina, mobility was fitted up to day 315 keeping a high value from this moment onward.
We also assumed p = 0.1 and o = 5. The vaccination plan is the same as in Table 1 but delayed for 30 days.

Figure 6A show the number daily cases. One should notice that even with isolation and vaccination, the model
predicts that daily cases will never go below 1000 for high mobility. This implies that it is important to implement
a better test and trace mechanism or to vaccinate a higher percentage of the population.

It should also be remarked that, in this case, we are considering a relatively small value for vaccine immunity
(180 days) and this generates the appearance of a second wave around March 2022. As was shown above for the
SEIRS-V model, a longer vaccine immunity period delays the appearance of new pandemic waves.

Figure 6B shows the vaccination strategy as a function of time, and the amount of immune vaccinated peo-
ple. For a § value of 180 days the amount of immune people starts descending in November 2021, thus causing
a growth of daily cases. When a new batch of vaccines is administered in 2022, the amount of immune people
increases reducing the impact of the new wave during this year. Under the established immunity conditions,
shifting the second vaccination periods to November 2021 could prevent the emergence of this new wave.
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Figure 6C,D shows the SEIQRS-V model applied to Spain. In this case we used p = 0.2, « = 5 and a high
mobility from the day 353 onward. The vaccination strategy is shown in Table 2 and applied in 2021 and 2022.
Figure 6C shows the model prediction together with the reported daily cases. If 70% of the population is vac-
cinated during the first half of 2021 a strong reduction of daily cases is expected for the summer. Nevertheless,
assuming a short immunity period for the vaccine (180 days), the daily cases start growing again generating a
new peak around February 2022. This effect could also be understood by looking at Fig. 6D. This plot shows vac-
cinated and immunized people as a function of time. Since vaccines are administered within a short time frame,
most people lose immunity by the end of the year. This creates a time window with a low number of immune
people that allows new outbreaks and the appearance of a new epidemic wave.

Finally, Fig. 6E,F show the SEIQRS-V model applied to Mexico. In this case we used p between 0.08 and 0.1
,a = 7 and a high mobility parameter value from day 325 onward. The vaccination strategy is shown in Table 1
and applied in 2021 and 2022.

This strategy establishes that vaccines are administered at an approximately constant rate throughout the
year. Therefore a baseline of immunized people is created, which causes the reduction of the susceptible group
by almost 50 million people. This kind of administration method also reduces the incidence of new pandemic
waves making a difference with respect to the cases of Argentina and Spain.

Final remarks

Different vaccination strategies for the Covid-19 were analyzed using a novel epidemiological model with sto-
chastic dynamics of infections in a geographical region. This approach has proven to exhibit a reliable long term
predictive power!®,

The parameters defining the disease, as transmission rate, latency and infectiousness periods, can be adjusted
with real data taken during a short time after the first outbreak. Furthermore, the parameters regulating the
spread of the pandemic in a country have a clear and direct relationship with the measures taken by the authori-
ties and followed by citizens.

This strategy has allowed us to predict the dynamical behavior of the pandemic in three very different coun-
tries, like Argentina, Mexico and Spain. There, we include the suggested vaccination strategies and analyze the
results under different scenarios which take into account the difficulties caused by the current global vaccine
shortage.

The mobility parameters of our model allow to simulate different social behaviors (e.g. lock-down interven-
tions, travel restrictions, social distancing), and analyze the effect of different vaccine distribution strategies. One
could also analyze the predictions using a strategy based on a homogeneous vaccination of the population, or
when prioritizing the most densely populated areas.

In a context of doses shortage, our model predicts that the most effective strategy in reducing infections is
the vaccination of the most-densely populated areas.

Since the epidemic reappears periodically, we found that vaccination campaigns should be repeated. In order
to optimize the effect of these, one should take into account the immunity period of the vaccines to prevent
premature future outbreaks. Keeping the number of contagions low is of great importance, as a large number of
infections favors the appearance of mutations and, eventually, of new vaccine-resistant strains.

Regarding the so called herd immunity, understood as the successful suppression of the epidemic reached
when enough people are immune to the virus, previous works estimate its threshold for SARS-CoV-2 in the range
from 10 to 70% or more. The lower values might not hold true because of the assumptions made about people
interactions in social networks*. However, for the case of COVID-19, we learnt from our model that it depends
on the number of already infected people and the interplay of disease and vaccine related-factors. Among the
virus factors we considered the influence of the immunity time after recovery and the probability of reinfections.
While for the vaccine-related factors, we explored the effects of the time period of immunity conferred by the
vaccine, the percentage of population vaccinated, and the pace of vaccine delivery.

The probability of infection is affected by logistical, social and demographic factors and it is key to the
adopted vaccination strategy. As was mentioned before, there are huge differences between a scheme based on
a demographic homogeneous vaccine delivery and one that prioritizes the most densely-populated areas. We
found that the vaccination impact is larger in countries with less connected cities, combined with a low mobility.

From modelling concrete vaccination strategies in countries with very different demographic features, it
can be clearly concluded that in the case of a limited number of vaccines, herd immunity is not achieved using
vaccination strategies alone. A combination of mobility control, detection and isolation of infected people (and
probably social distancing measures) is needed to drastically reduce infections. Such measures have negative
socio-economic impacts at the local (and global) level. However, these could be minimized by optimizing the
allocation of vaccines.

As it is usual, when modelling a complex situation it is necessary to consider limitations of the model. For
instance, the fact that full immunization for a particular individual is obtained only after the second shot for
most vaccines. Taking into account the detailed process of vaccination and the individual immune response, will
necessarily complicate the model with no obvious improvement on its prediction power. Nevertheless, it is clear
that the model could be adapted to include more doses of the vaccine and its efficiency if it is needed to assess
the appropriateness of detailed vaccine distribution strategies.

We want to stress that the model presented here could be extended to consider the appearance of new strains
with different biological properties and future pharmaceutical and non-pharmaceutical measures which will
make it extremely useful in handling the pandemic.

Some guidelines can be learnt from our model as it was shown and discussed in this work. However, the
worldwide vaccination allocation should be approached carefully’!. There are 130 nations with 2.5 billion people
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that have not received a single vaccine yet*?, where the COVID-19 virus with uncontrolled transmission, has a

perfect playground to evolve into dangerous variants, even immune to the developed vaccines.

An outbreak there, has the potential to become an outbreak anywhere. In this respect, our model could be
extended from one particular country to a continent or even to the whole world in order to compare different
vaccine global distribution strategies.

Despite the real threat, the current global vaccine allocation is driven by national interest and consequently
it is highly asymmetric. High-income countries, representing 16% of the world’s population, purchased more
than half of all COVID-19 vaccine doses* available to date, aside the COVAX agreement. This will extend the
time frame of the pandemic and the economical burden worldwide'*****. Unless a worldwide vaccine allocation
strategy based on health and epidemiological needs is implemented, humanity will not be able to achieve global
herd immunity soon enough and will suffer the consequences of COVID-19 for much longer.

Code availability
The code and files used to run the simulations are available on GitHub'2.

Received: 27 April 2021; Accepted: 12 January 2022
Published online: 31 January 2022

References

1. Dong, E., Du, H. & Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 20, 533-534.
https://doi.org/10.1016/S1473-3099(20)30120-1 (2020).

2. Cavaleri, M., Enzmann, H., Straus, S. & Cooke, E. The European Medicines Agency’s EU conditional marketing authorisations for
COVID-19 vaccines. Lancet 397, 355-357. https://doi.org/10.1016/S0140-6736(21)00085-4 (2021).

3. U.S. Food and Drug Administration. Fda takes key action in fight against COVID-19 by issuing emergency use authorization for
first COVID-19 vaccine (2020). https://www.fda.gov/news-events/press-announcements/fda-takes-key-action-fight-against-covid-
19-issuing-emergency-use-authorization-first-covid-19.

4. Zhu, N. et al. A novel coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med. 382, 727-733. https://doi.org/
10.1056/NEJM0a2001017 (2020).

5. Ritchie, H. et al. Coronavirus (COVID-19) vaccinations. https://ourworldindata.org/covid-vaccinations (2020) (Accessed 29 Mar
2021).

6. Kirby, T. Spread and dynamics of the COVID-19 epidemic in Italy: Effects of emergency containment measures. Lancet 9, E20-E21.
https://doi.org/10.1016/52213-2600(21)00005-9 (2021).

7. World Health Organization. SARS-CoV-2 Variants (2020). https://www.who.int/csr/don/31-december-2020-sars-cov2-variants/
en/.

8. José, M., Govezensky, T., Lara-Sagahon, A. V., Varea, C. & Barrio, R. A. A discrete seirs model for pandemic periodic infectious
diseases. Adv. Stud. Biol. 4, 153-174 (2012).

9. Barrio, R. A, Varea, C., Govezensky, T. & José, M. V. Modelling the geographical spread of the influenza pandemicA(H1IN1): The
case of Mexico. Appl. Math. Sci. 7, 2143-2176 https://doi.org/10.12988/ams.2013.13193 (2013)

10. Barrio, R. A., Kaski, K. K., Haraldsson, G. G., Aspelund, T. & Govezensky, T. A model for social spreading of COVID-19: The case
of Mexico, Finland and Iceland. Phys. A 582, 126274 https://doi.org/10.1016/j.physa.2021.126274 (2021).

11. Barreiro, N. L., Govezensky, T., Bolcatto, P. G. & Barrio, R. A. Detecting infected asymptomatic cases in a stochastic model for
spread of Covid-19. The case of Argentina. Sci. Rep. 11, 10024. https://doi.org/10.1038/s41598-021-89517-5 (2021).

12. Barreiro, N. L. Paper codehttps://doi.org/10.5281/zenodo.5787487 (2021).

13. Wouters, O.J. et al. Challenges in ensuring global access to COVID-19 vaccines: Production, affordability, allocation, and deploy-
ment. Lancet 397, 1023-1034. https://doi.org/10.1016/50140-6736(21)00306-8 (2021).

14. Chinazzi, M. et al. Estimating the effect of cooperative vs. uncooperative strategies of COVID-19 vaccine allocation: a modeling
study (2020). https://www.mobs-lab.org/uploads/6/7/8/7/6787877/global_vax.pdf4.

15. SAGE Working Group on COVID-19 vaccines. Who sage roadmap for prioritizing uses of COVID-19 vaccines in the context of
limited supply. https://www.who.int/docs/default-source/immunization/sage/covid/sage-prioritization-roadmap-covid19-vacci
nes.pdf (2020).

16. Matrajt, L., Eaton, J., Leung, T. & Brown, E. R. Vaccine optimization for COVID-19: Who to vaccinate first?. Science Advances 7,
eabf1374. https://doi.org/10.1126/sciadv.abf1374 (2020).

17. Polldn, M. et al. Prevalence of SARS-CoV-2 in Spain (ENE-COVID): A nationwide, population-based seroepidemiological study.
Lancet 396, 535-544. https://doi.org/10.1016/S0140-6736(20)31483-5 (2020).

18. Stringhini, S. et al. Seroprevalence of anti-SARS-CoV-2 IgG antibodies in Geneva, Switzerland (SEROCoV-POP): A population-
based study. Lancet 396, 313-319. https://doi.org/10.1016/S0140-6736(20)31304-0 (2020).

19. Salje, H. et al. Estimating the burden of SARS-CoV-2 in France. Science 369, 208-2011. https://doi.org/10.1126/science.abc3517
(2020).

20. Figar, S. et al. Community-level SARS-CoV-2 seroprevalence survey in urban slum dwellers of Buenos Aires city, Argentina: A
participatory research. medRxiv https://doi.org/10.1101/2020.07.14.20153858 (2020).

21. World Health Organization. Report of the WHO-China joint mission on coronavirus disease 2019 (covid-19) (2020). https://www.
who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf.

22. Oran, D. P. & Topo, E. J. Prevalence of asymptomatic SARS-CoV-2 infection. Ann. Intern. Med. 173, 362-367. https://doi.org/10.
7326/M20-3012 (2020).

23. Mizrahi, B. et al. Longitudinal symptom dynamics of COVID-19 infection. Nat. Commun. 11, 6208. https://doi.org/10.1038/
$41467-020-20053-y (2020).

24. Keeling, M. J., Hollingsworth, T. D. & Read, J. M. Efficacy of contact tracing for the containment of the 2019 novel coronavirus
(COVID-19). J. Epidemiol. Community Health 74, 861-866. https://doi.org/10.1136/jech-2020-214051 (2020).

25. Hellewell, J. et al. Feasibility of controlling COVID-19 outbreaks by isolation of cases and contacts. Lancet Glob. Health. 8, E488-
E496. https://doi.org/10.1016/52214-109X(20)30074-7 (2020).

26. Fraser, C,, Riley, S., Anderson, R. M. & Ferguson, N. M. Factors that make an infectious disease outbreak controllable. Proc. Natl.
Acad. Sci. 101, 6146-6151. https://doi.org/10.1073/pnas.0307506101 (2004).

27. Klinkenberg, D., Fraser, C. & Heesterbeek, H. The effectiveness of contact tracing in emerging epidemics. PLoS ONE 1, 1-7. https://
doi.org/10.1371/journal.pone.0000012 (2006).

28. Gatto, M. et al. Spread and dynamics of the COVID-19 epidemic in Italy: Effects of emergency containment measures. PNAS 117,
10484-10491. https://doi.org/10.1073/pnas.2004978117 (2020).

Scientific Reports |

: ~ o https://doi. 0.1038/541598-022-05481-8 . ature portfolio
(@zozﬁf‘éﬁeto%urtesy of Spf‘tl'[ﬁé/e?' RYIrEYerme Stilse apply. Rights reserved P



www.nature.com/scientificreports/

29. Sénchez, J. C. & Matin, E. ; cuddntas vacunas se han puesto en espafa? asif avanza la vacunacion contra la covid en cada comunidad.
https://www.elmundo.es/ciencia-y-salud/salud/2021/01/29/60141474fc6c834e268b4666.html (2021).

30. Aschwanden, C. The false promise of herd immunity for COVID-19. Nature 587, 26-28. https://doi.org/10.1038/d41586-020-
02948-4 (2020).

31. Emanuel, E. . et al. An ethical framework for global vaccine allocation. Science 369, 1309-1312. https://doi.org/10.1126/science.
abe2803 (2020).

32. Yamey, G. Rich countries should tithe their vaccines. Nature 590, 529. https://doi.org/10.1038/d41586-021-00470-9 (2021).

33. Currie, J. et al. Accelerating global vaccination coverage of frontline workers and populations at risk of severe COVID-19 com-
plications. Public Health 197, e16-el7. https://doi.org/10.1016/j.puhe.2021.01.014 (2021).

34. Gakmakli, C., Demiralp, S., Kalemli-Ozcan, c., Yesiltas, S. & Yildirim, M. A. The economic case for global vaccinations: An epide-
miological model with international production networks. Working Paper 28395, National Bureau of Economic Research (2021).
https://doi.org/10.3386/w28395.

Acknowledgements

RAB, MN and NLB acknowledge support from The National Autonomous University of Mexico (UNAM) and
Alianza UCMX of the University of California (UC), through the project included in the Special Call for Bina-
tional Collaborative Projects addressing COVID-19. RAB was financially supported by Conacyt through project
283279. MN was partially supported by CONICET. We appreciate useful discussions with Prof. Yang Quan Chen
and collaborators.

Author contributions

N.L.B.,, C.I.V,, T.G. and R.A.B. conceived the idea. N.L.B. proposed and wrote the model in python, created the
maps and did the fitting for each country. N.L.B, C.I.V,, T.G. and M.N. conducted the simulations. N.L.B., C..V,,
T.G., M.N,, R.A.B. and P.G.B. discussed the results, wrote and reviewed the manuscript.

Competing of interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-05481-8.

Correspondence and requests for materials should be addressed to N.L.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

: ~ o https://doi. 0.1038/541598-022-05481-8 . ature portfolio
(@zozfﬁ"éﬁe[o%urtesy of Sprﬁ’fé/e?' RYIrEYerme Stilse apply. Rights reserved P



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature™).

Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not:

1. use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access
control;

2. use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is
otherwise unlawful;

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in
writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal
content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at

onlineservice(@springernature.com



mailto:onlineservice@springernature.com

