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Abstract

The SARS-CoV-2 pandemic is a major concern all over the world and, as vaccines became
available at the end of 2020, optimal vaccination strategies were subjected to intense investi-
gation. Considering their critical role in reducing disease burden, the increasing demand out-
pacing production, and that most currently approved vaccines follow a two-dose regimen,
the cost-effectiveness of delaying the second dose to increment the coverage of the popula-
tion receiving the first dose is often debated. Finding the best solution is complex due to the
trade-off between vaccinating more people with lower level of protection and guaranteeing
higher protection to a fewer number of individuals. Here we present a novel extended age-
structured SEIR mathematical model that includes a two-dose vaccination schedule with a
between-doses delay modelled through delay differential equations and linear optimization
of vaccination rates. By maintaining the minimum stock of vaccines under a given production
rate, we evaluate the dose interval that minimizes the number of deaths. We found that the
best strategy depends on an interplay between the vaccine production rate and the relative
efficacy of the first dose. In the scenario of low first-dose efficacy, it is always better to vacci-
nate the second dose as soon as possible, while for high first-dose efficacy, the best strategy
of time window depends on the production rate and also on second-dose efficacy provided
by each type of vaccine. We also found that the rate of spread of the infection does not affect
significantly the thresholds of the best window, but is an important factor in the absolute num-
ber of total deaths. These conclusions point to the need to carefully take into account both
vaccine characteristics and roll-out speed to optimize the outcome of vaccination strategies.
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Author summary

Science responded quickly to the COVID-19 pandemic, and many vaccines became avail-
able to contain the disease severity around the world. With a wide variety of vaccines,
decision makers need to choose the best time interval between the doses of vaccines to
apply in a population, given the epidemic situation and the efficacy of the different vac-
cines. In this work, we studied the best interval between doses of three different vaccines
against COVID-19 using a mathematical model. For the modeling, we took into account
individuals of different age groups, as they respond differently to vaccination depending
on their age, and also the efficacy of vaccines after one dose and after complete vaccination
(2 doses). We evaluated which interval between doses leads to fewer deaths. We found
that if the efficacy of the first dose is low compared to complete vaccination, then vaccinat-
ing the second dose at a short interval leads to fewer deaths. On the other hand, if the effi-
cacy of the first dose is high enough, the best strategy depends on vaccine availability. If
vaccine supply is large, giving the second dose earlier is better. However, the postpone-
ment of the second dose results in fewer deaths in a situation of vaccine shortage.

Introduction

As the implementations of SARS-CoV-2 vaccination programs evolve in several countries
around the world, governments must decide how to allocate doses among the population dur-
ing the epidemic, usually prioritizing the most at-risk groups, such as healthcare workers, peo-
ple with comorbidities, and older adults. In a context of limited vaccine supply, an optimized
dose allocation strategy is critical to effectively immunize the population whilst achieving the
best reduction in hospitalizations and deaths. On this basis, some countries considered par-
tially protecting a greater percentage of the population by administering the first dose more
widely at the expense of delaying second doses, and thus having less fully vaccinated individu-
als [1-3].

Vaccination programs can have different goals depending on the context and characteris-
tics of both the disease and the available vaccines. The immunization program against Covid-
19 has focused on reducing the burden of hospitalizations and deaths, which is justified given
the risk of health care system collapse and the lack of vaccine supplies to quickly reach the high
coverage required to substantially reduce infections. Another strong argument for that strategy
is that many of the current vaccines are highly effective against hospitalization and death, but
not in preventing new infections. For instance, AZD1222 (Oxford/AstraZeneca) has shown an
efficacy of 86% (95% CI: 53-96%) against hospitalization [4], but 59.9% (95% CI: 35.8-75.0%)
effective against new infections measured by nucleic acid amplification-positive tests [5]; for
CoronaVac (Sinovac) this contrast is even starker with 83.7% (95% CI: 58.0-93.7%) efficacy
against severe cases but only 50.7% (95% CI: 35.9-62.0%) for mild symptomatic cases as out-
come [6]. Even BNT162b2 (Pfizer/BioNTech), which showed high efficacy against infections
in the first trials [7] may provide a lower protection against new variants, as exemplified by the
variant B.1.617.2 (also known as Delta) [8]. In this context, vaccination programs in many
countries have prioritised the groups most at risk of developing severe disease, namely high
exposure individuals (e.g. health care professionals), people with aggravating conditions, and
older adults [9, 10].

Mathematical models in epidemiology have been widely used to assess optimal vaccination
strategies for a variety of communicable diseases [11-15]. In a previous study on influenza
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viruses, [16] explored how two different vaccination strategies (single dose or two dose) could
be integrated into pandemic control plans of a limited vaccination supply. They conclude that
the best strategy depends on the level of partial protection introduced by a single dose, but the
study is limited to pre-pandemic vaccination scenario and does not capture vaccination roll-
out during a pandemic.

Mass vaccination strategies have been proposed as the main approach to tackle the spread
of SARS-CoV-2, complementing or replacing non-pharmaceutical interventions (NPIs). SIR-
like models have pointed to the possibility of securely relaxing NPIs months after vaccination
campaigns, depending on the rate of vaccination, as shown by [17]. The same work also sug-
gests that, given a low roll-out rate scenario, one-dose strategies allow safe relaxation of NPIs
sooner if the first dose corresponds to more than 80% of the vaccination protection (vaccina-
tion parameters based on BNT162b2). Although one-dose vaccination allows earlier relaxation
of NPIs, it requires a slower transition to pre-pandemic levels for more vaccines to be deliv-
ered. The one-dose scheme is modelled as an effectively weaker vaccine, with no second doses
being considered in the long run.

In this work we aim to find the best time-window between doses under different scenarios
of relative efficacy of the first dose and infection rate in the population. We assess these scenar-
ios for the three most used vaccine platforms, namely inactivated virus, viral vector of adenovi-
rus, and mRNA-based vaccines. Given that most vaccination protocols requires a second dose,
we introduce a mathematical model that rigorously describes a two-dose vaccination scheme
and optimal allocation of vaccines through delay differential equations. We explore the conse-
quences of different strategies regarding the time-window between the two vaccine doses. The
distribution of available vaccines for the first and second dose is optimized for each between-
doses time interval, assuming a constant production rate. The partial protection offered by sin-
gle-dose vaccination compared to double-dose vaccination is controlled by a single relative
efficacy parameter. The best strategy, considering time interval between doses for the vaccine
type, is defined based on the lowest total number of deaths in the range of time analysed. We
find that the best strategy depends on the interplay between the vaccine production rate and
the single-dose relative efficacy, with the effective reproduction number being an important
factor for the reduction of deaths.

Methods

To investigate the impact on total hospitalizations and mortality of delaying the second dose in
a two-dose vaccination roll-out during an ongoing epidemic, we built a model that takes into
account the severity of the disease, age classes (the main risk factor for severity and death), and
vaccination status.

Our model consists of an SEIR model extended to account for asymptomatic, severe/hospi-
talized, and deceased individuals, thus being named SEAIHRD, corresponding to susceptible,
pre-symptomatic, asymptomatic, mildly symptomatic, severely symptomatic/hospitalized,
recovered, and deceased classes respectively. Each epidemiological class comprises three age
classes, namely children and teenagers (0-19), adults (20-59), and older adults (60+) classes.
To account for vaccinated individuals with one or two doses, we have duplicated this set of
classes for individuals who received one dose and two doses, which have different epidemio-
logical parameters, as discussed below. The model structure is shown in Fig 1 and the model
equations are presented in the supplementary information (S1 Text).

The demographic characteristics of the population were based on the State of Sdo Paulo,
Brazil. The basic epidemiological parameters come from current literature and are detailed in
the S1 Text. The daily contact rates between age classes are based on the matrices projected by
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Fig 1. Diagram representing the full model structure. Subscripts v and w indicate the first- and second-dose vaccinated classes, respectively. Black
arrows indicate transitions between epidemiological stages, green arrows indicate vaccination. All classes pictured inside the gray box are infectious.
Because epidemiological progressions happen at time-scales shorter than those related to vaccine effects, infectious classes are not vaccinated in the
model.

https://doi.org/10.1371/journal.pcbi.1009978.9001

[18], from which we use the Brazilian all-locations average for simplicity, reducing the age
compartments using the same approach as in [19] (Supplementary material, section 3).

We assume a “leaky” vaccination effect, in which vaccinated individuals receives partial
protection, in contrast to the “all-in” model where part of the vaccinated individuals receives
full protection. [20] has shown that the outcome of these models do not differ substantially
and the leaky model is simpler to understand and to implement.
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Table 1. Parameters related to vaccine efficacy.

Parameter | Description CoronaVac AZD1222 BNT162b2

Eg,, Observed efficacy against infectious contact given second dose 0.00" 0.599 [5] 0.90 [21]

E,w Observed efficacy against clinical symptoms given second dose 0.50 [6] 0.813 [5] 0.94 [21]

E,, Observed efficacy against hospitalization given second dose 0.83 [6] 0.900° 0.87 [21]

Euuw Observed efficacy against death given second dose 0.95" 0.950° 0.98"

€B,w Protection against infectious contact with second dose 0.000 0.599 0.900

€aw Protection against clinical symptoms given second dose [0.499, 0.498, 0.494] [0.533, 0.533, 0.537] [0.402, 0.415, 0.494]
Eow Protection against hospitalization of infected individual given second dose 0.830 0.750 -0.300

€uw Protection against death of hospitalized cases given second dose 0.706 0.500 0.846

*Assumed. There is no data available yet.

®Assumed. The value reported had no statistical significance.

The observed efficacies are obtained from trials or effectiveness studies. The parameters of protection are calculated through the method explained in the S1 Text.

https://doi.org/10.1371/journal.pcbi.1009978.t001

The main parameters that describe the vaccination dynamics are the vaccine‘s protective
effect against (i) acquiring the disease, (ii) developing symptoms, (iii) developing severe symp-
toms (i.e., leading to hospitalization), and (iv) death. We present our analysis using sets of
parameters that represent three types of vaccine developed for Sars-Cov-2; inactivated virus
(CoronaVac, from Sinovac), adenovirus-based vaccine (AZD1222, from AstraZeneca-Oxford)
and mRNA (BNT162b2, from Pfizer-BioNTech). The parameters for each vaccine are shown
in Table 1.

As the required parameters may not be available in the studies for each vaccine, specially
regarding the efficacy of a single dose, we simplify the problem by assuming that the efficacy
for each outcome is proportional to the efficacy after the second dose by a fixed ratio, called
relative efficacy of the first dose. This is a key parameter influencing the model outcome: if it is
too small it is better to vaccinate the second dose sooner, but the opposite should be expected
if the efficacy with one dose is as large as with two doses. Thus, we vary this parameter over all
reasonable values (0-100%).

As the efficacy related to a specific outcome can be caused by a multiplicative effect of effi-
cacy related to another outcome, (for example, lower number of deaths caused by a lower
number of hospitalizations), we translate mathematically the observed efficacies that come
from field studies to the parameters used in the mathematical model, as described in the S1
Text. The values of parameters used in the model are given in Table 1. Notice that this mathe-
matical translation makes the protection against clinical symptoms age-dependent and also
makes the protection against hospitalization for BNT162b2 negative. The latter case occurs
because the efficacy against hospitalization is lower than the efficacy against infectious contact,
but when the parameters of protection are multiplied as in the model’s equations (S1 Text) the
value of efficacy is recovered.

Since we aim to study vaccination roll-out during an ongoing epidemic, we set the initial
conditions for recovered and infectious populations using estimated values from hospitaliza-
tion data. The procedure follows closely the one presented in [19], and is described in S1 Text.
We use epidemiological and demographic data from the state of Sdo Paulo, Brazil, although we
do not expect the results to change substantially from one region to another.

We do not explicitly implement non-pharmaceutical interventions in our study, opting
instead to model different scenarios by fixing the initial value of the effective reproduction
number R,. Thus, we computed R, using the method of Next Generation Matrix (for details,
see S1 Text) and chose the value of probability of infection per contact (f) that yields the
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desired value of R, at the beginning of the simulation. We vary this initial R, between 0.9 and
1.4, accounting for potentially more transmissible variants [19, 22] or increased contact rates
due to less rigid non-pharmaceutical interventions.

The distribution of vaccines follows the priority of age groups: first older adults, then adults,
and at last children and teenagers [23]. We assume that serological tests are not performed
before vaccination, therefore vaccination does not depend on the individual’s previous sero-
logical status. Thus, susceptible and recovered individuals are vaccinated proportionally to the
compartment’s population size. Severe and symptomatic individuals do not receive doses
while infectious due to noticeable infection. We also exclude pre-symptomatic and asymptom-
atic from vaccination, since it would lead to unrealistic immediate benefits and there is a win-
dow between the date of vaccination and the start of protective effects. Recovered individuals
are assumed to be completely immune and, since we fix our simulation interval at 300 days, we
consider that the effects of waning immunity can be negligible. Likewise, we ignore aging
dynamics, since it would be relevant only at much longer time scales.

Our model specifies that the time between first and second doses (a) is fixed for all individ-
uals, which leads to a delay differential equation formulation. In contrast, constant rate mod-
els, where individuals receive the second dose at a fixed rate with an exponential distribution
of times, would imply that some of them immediately receive the second dose and lead to
incorrect average times between doses when vaccination rates fluctuate over time. We also
allow for a proportion 0 of individuals that take the first but not the second dose, representing
abandonment; this value is fixed at 0.1 throughout our simulations (in the case of CoronaVac
vaccine phase 3 trial, the rate of abandonment was 0.16 [24]).

To optimally allocate the vaccination, keeping the number of stocked vaccines as low as
possible while ensuring that second doses are available, we solve a delayed optimization prob-
lem that is described in the following section. After minimizing the vaccine stock for the differ-
ent time interval between doses, we calculate the number of deaths each vaccine type and time
interval produces, and we choose the time window for each vaccine by considering the one
with the lowest number of deaths, and this is considered the best window.

Optimizing vaccination roll-out

We write a dynamical equation for the vaccine stock V(f) assuming a constant production (or
deployment) rate p and a varying withdrawal rate is given by the vaccination rate v(t), which
can be chosen, that is, it is the control variable. We impose that a constant fraction & = 1 — 6 of
the people who take the first dose will receive the second one after a period a, so we must be
careful that the total vaccination rate is the sum of both first and second dose vaccination rates
and it is limited to a maximum rate of vaccination v,,,,,, but the control variable is the vaccina-
tion rate of first doses only. We also assume that there’s an initial stock of vaccines V. The
equation for V(¢) then is:

i—‘: =p—v(t)—0v(t—a) )
V() =V,, v(t) =0Vt <0

We note already that we can solve this equation, obtaining
t t—a
V(E) =V, + pt — / W(t)dt — 0 / W(t)dt 2)
0 0

We define the optimization problem by stating the objective function to be minimized and
the restrictions that the solution must obey. Since we want to use vaccine doses as quickly as

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009978 March 25, 2022 6/15


https://doi.org/10.1371/journal.pcbi.1009978

PLOS COMPUTATIONAL BIOLOGY The best time interval between doses in a vaccination regimen against SARS-CoV-2

possible, a reasonable goal is to minimize the stock of vaccines V(f). With that, we impose that
the total vaccination rate is limited by a certain maximum value, and of course, it is positive;
also, the vaccine stock V(f) is always positive. Finally, we must ensure that in the period after
the simulation ends (t > T) there will be enough doses left to use as second doses on those who
have already taken the first dose.

These considerations lead to the following optimization problem:

T
min ]:/ V(¢t)dt
f 0

subject to  v(t) >0

V(T) >0 [, v(t)dt —pa

Solution. We can solve the problem defined by Eqs (2) and (3) using linear programming.
This is feasible because the objective function and all constraints are linear functions of the
control variable v and state variable V and, as Eq (2) shows, Vis linear on the control variable.

We first discretize the time in # intervals of length At = I, each interval ending at t;,
i=1,...,n,and assume that the control function will be constant over each interval (that is, a
step function), with values ¥ = (v(t,), v(t,), ..., v(t,)). Eq (2) then becomes

i i—a

V(ti) =V, +pt,— ij - H,ij ’ (4)

j=1 =1
and we seek to minimize the objective function (given by Eq (3), up to a constant) that is a lin-
ear function of ¥, subject to the (linear) restrictions.
The discrete version of the problem becomes:

ixi +0 ixil
i1 i—1

n

m}n]:min—g
F p
X

=1

subject to ¥ > 0

x,+0x,_,<vw fori=1,...,n

. - max (5)
J j—a

Z)@.—&—H'ZJ@ <Vy+pt ,forj=1,...,n

i=1 i=1

(1+ Hl)zxi < Vo+pt,+a),

i=1

where a = [, (chosen so that a is integer), and, to simplify notation, x; is taken to be zero over
values of i below 1.

These conditions can readily be written in matrix form and solved using standard linear
programming algorithms. We implemented them in R using the package 1pSolve [25] to
solve the linear programming problem.

Finally, to assess which conditions is best to employ a longer (up to 12 weeks) or shorter (at
least 3 weeks) interval between first and second doses, we simulate the model and compute the
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Vaccination rate (doses/pop-day)

total number of deaths across all ages and vaccination status at the end of a period of 300 days,
choosing as the best strategy of window the one that has the lowest number of deaths. We per-
formed this comparison by varying the relative efficacy of the first dose and also the parame-
ters related to the current rate of infection (R,) and vaccine production rate.

Results

The optimal vaccine roll-out with time between doses of 3 and 12 weeks is shown in Fig 2. We
can see that for reasonable parameters of production and vaccination rate for Sdo Paulo State,
the vaccine stock can be kept close to zero (i.e. all doses can be used immediately) after about
30 days after the beginning of vaccination when using a time interval of 3 weeks. For the time
interval of 12 weeks, the stock is kept close to zero during the first stage of the first dose vacci-
nation, but doses need to be stored to be used as second-doses for a small time window. In
both cases, we see a pattern of alternating stages of first and second dose vaccination, while
optimally keeping the stock of vaccines close to zero.

By varying the initial values of R, for a fixed production rate (Fig 3), we see that longer peri-
ods between the first and second doses led to a lower number of deaths when the relative effi-
cacy of the first dose alone is higher than approximately 60%, whereas smaller time intervals
are better if the relative efficacy is lower than approximately 50%, and intermediary periods
are the best interval between doses if the relative efficacy is between 50% and 60%. It is also
important to note that the value of initial R, does not substantially affect the value of relative
efficacy where transitions between best time windows occur, but is an important factor in the
absolute value of deaths.

Since our results show that the best time window is not strongly dependant on the value of
R,, we fixed this value at 1.1 and varied the relative efficacy and production rate. Then, we
compare the best window relative to the reduction in deaths for several time window intervals

12 Weeks 3 Weeks

0.4% -

0.3%

0.2% -

0.1% 4

0.0%

r2.0% Q.

r1.5%

ﬂ F1.0%
il Uﬂ uﬂu Nl

- e s o s = —-—-—-—-—-—-—---0.0%v

dod/sasop) palo)s Sasop aulooe)

100 200 300 0 100 200 300
t (days)

Fig 2. Vaccination rate as a function of time for first (solid, black) and second doses (dashed, grey)—Scale is given by the left y-axis. Number of
stored vaccine doses as function of time (dot-dashed, blue), scale in the right y-axis. Taking into account 3 or 12 weeks (panels) as separation between
doses. Vi = 2.83% of population in doses, p(f) = 0.23% of population in doses/day, v, = 0.45% of population in doses/day.

https://doi.org/10.1371/journal.pcbi.1009978.9002
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Fig 3. Reduction in total number of deaths as function of the first dose relative efficacy, considering three time windows between doses: 3,7 and
12 weeks (colors); varying vaccine type (columns); and effective reproduction number at the start of simulation (rows). V, = 2.83% of population
in doses, p(t) = 0.23% of population in doses/day, v . = 0.45% of population in doses/day.

https://doi.org/10.1371/journal.pchi.1009978.g003

(Fig 4). The result is computed by simulating a coarse grid of values and then linearly interpo-
lating a finer mesh. For all vaccines, relative efficacy of the first dose below approximately 45%
indicates that regardless of the vaccine production rate, the best strategy to reduce mortality is
to complete the two-dose scheme 3 weeks after the initial dose. If the production rate is low
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Fig 4. Best window (color) for reduction of deaths as function of production rate (x axis) and relative efficacy of first dose (y axis). Each panel
represents a different vaccine with the respective second dose parameters. The initial R, is 1.1, V; is set to zero, vaccination rate limited to approximately
0.45% of population in doses per day.

https://doi.org/10.1371/journal.pcbi.1009978.9004

(approximately below 0.2% of doses/population-day), increasing the relative efficacy above
45% rapidly shifts the best time window to increasingly larger periods, and converges to the
maximum interval of 12 weeks. However, on this same range for the relative efficacy of the
first dose, increasing the production rates results in a non-linear transition to shorter time-
windows.

Although it is expected that the best time window should always increase with higher rela-
tive efficacy, and decrease with higher production rate, the latter hypothesis is sometimes vio-
lated in the simulations (Fig 4). Despite that, the general pattern is largely unaltered.

Discussion

Our model evaluates the best time windows between first and second doses for individuals in a
context of limited vaccine supply in the ongoing COVID-19 pandemic. We found that the
time window that best reduces the mortality depends on the interplay between two key param-
eters: vaccine production rate and the relative efficacy of the first dose. Within the simulated
regimes with low single-dose efficacy, the resulting best strategy consistently relied on allocat-
ing the available doses to complete the two-dose scheme at the shortest time possible to pro-
vide the vaccine’s maximum protection and minimize the mortality of the population.
However, when the first dose presents a higher level of relative efficacy and vaccine supply is
restricted, the best strategy relied on prioritizing the allocation of doses to increase the propor-
tion of the population receiving the first dose, resulting in a longer interval between doses to
effectively allocate the use of the limited vaccine supply. Further, this interval is shortened by
increasing the vaccine supply, as it progressively alleviates the conflict on dose allocation.
Given that the effective reproduction number has little effect when considering the best win-
dow between doses, this further ensures the applicability of our results to other locations.

Another important parameter that varies across vaccines is the protection against infection,
i.e. reduction in susceptibility, after the second dose, with values of 0, 0.6 and 0.9 for Corona-
Vac, AZD1222 and BNT162b2 respectively (See Table 1). This difference allows for larger
delays with lower relative efficacy of the first dose, even with similar protection against deaths
(0.95, 0.95, 0.98, in the same order) simply by avoiding new infections.
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Given the key role of the efficacy of the first dose in deciding the best strategy to reduce
mortality, it is worth considering the best available knowledge for the vaccines evaluated in
this study. Preliminary results of the effectiveness of the inactivated virus vaccine CoronaVac
in Chile have shown that the first-dose efficacy of that vaccine is substantially lower before the
second dose vaccination, with effectiveness against symptomatic infection being 17.2% (95%
CI: 15.8-18.6%) [26]. This result, together with previous studies concerning inactivated virus
vaccines showing that the protection against infectious contact is likely to be low [27, 28], sug-
gests that the safest strategy concerning second dose of CoronaVac is a three-week interval, the
shortest recommended, to achieve the largest reduction in the number of deaths.

In the case of the adenovirus-based AZD1222 vaccine, [5] estimated 76.7% (95% CI: 47.0-
89.8%) for the efficacy against symptoms 21 days after the first dose. Albeit this estimate pro-
vides reasonably high values, the small number of events results in great uncertainty on this
estimate, reflected in its wide confidence intervals. [29] corroborates those results with effec-
tiveness against having a positive RT-PCR test of 64% after 21 days (95% CI: 59-68%) in a
study in the UK, but without differentiating between AZD1222 and BNT162b2. Using this
value as a proxy of first dose efficacy compared to the efficacy against symptoms post second-
dose, the relative efficacy would be around 80%, which, according to our results, would suggest
that delaying the second dose can be an effective strategy, especially in lower production rates.
The efficacy post second-dose using a window less than 6 weeks is substantially lower (55.1%,
95% CI: 33.0-69.9%) when compared to 12 weeks (81.3%, 95% CI: 60.3-91.2%) [5], providing
another argument in support of delaying the second dose of AZD1222.

For the mRNA vaccine BNT162b2, [29] have shown that its effectiveness is very high 21
days after the first dose (78%, 95% CI: 72-83%), results corroborated by a study conducted by
the [1], from the UK. With these values, together with very high post second-dose efficacy
against infectious contacts, our model results entail that postponing the second dose is the best
strategy. However, as this is the first known vaccine using the mRNA platform, it would be
advisable to postpone the second dose only after studies assuring the efficacy of such vaccine
in these conditions, as pointed out by [30].

Vaccines developed to have more than one dose usually benefit from increased interval
between doses, presenting stronger immunogenic response with larger intervals [31]. Thus, by
using the same efficacy of the second dose for any interval between doses, our results might
have been biased, favoring shorter time intervals as the best strategies. Therefore, a more com-
plete evaluation of best strategy would require efficacy information for any of the intervals
studied. Due to the emergency situation vaccines were tested in their trials, few experiments
were designed to analyse different time interval between doses (yet, check some data available
in [5] for AZD1222 and [6] for CoronaVac). Future works can re-evaluate the choice of the
best interval between doses when these data become available, especially if the immunogenic
response and efficacy increases non-linearly with time interval.

Previous studies that have evaluated the best strategies for vaccination for COVID-19 have
focused on the interplay between vaccination and non-pharmaceutical interventions [20, 32,
33]. More recently, some agent-based models estimated the reduction in deaths and infections
if postponing the second dose: [34] found that delaying the second dose for BNT162b2 and
mRNA-1273 (from Moderna) is usually the best strategy until it reaches peak values for longer
intervals; [35] found that the results are even better in the scenarios of low vaccine production
rates. We confirm these initial results and extend the analysis to more combinations of first
dose efficacy and production rates, and also consider more types of vaccine. Our model also
accounts for optimal allocation of vaccination rates of first and second doses, an issue not
addressed in those works.
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Using a differential equations formulation, [36] compared the strategies of “hold back”
(storing half of the vaccines to guarantee the second dose) and “release” (vaccinating as much
as first doses possible, while minimizing the backlog of second dose vaccination) and found
that first dose efficacy is essential when deciding for the best vaccine protection coverage if
delaying the second dose. Their results agree with ours but it has the limitation of not guaran-
teeing that the mean period with single-dose protection is preserved in a varying vaccination
rate, which is only possible using a more complex formulation, such as delay differential equa-
tions as used here. They also argue that, while the “release” strategy enables better allocation of
vaccines, in a real-world situation the implementation of such strategy is too complicated to
manage. While we agree that this strategy adds a complication factor, we also believe that stock
optimization models such as the one developed in this study could be linked to vaccination
databases and, as the vaccination roll-outs to tackle the SARS-CoV-2 pandemic were central-
ized by the national health systems, thus allowing more efficient allocation of vaccines.

Throughout this study, we assumed that post second-dose efficacies do not depend on the
time-window between doses, although evidence suggests that this is not the case for AZD1222
vaccine [5]. This simplifying assumption probably leads to a slight underestimation of the ben-
efits of increasing the lag between doses for this vaccine. We have also assumed that first dose
efficacy is constant over time, when in reality it builds up over approximately 2 weeks and
wanes later on [29, 37]. This can be addressed using agent-based models [34], or age-of-infec-
tion models in a differential equations formulation, but that would greatly increase the com-
plexity of the algorithm. This difficulty is also present when trying to compare model
parameters to first dose efficacy in observational studies, as only the period after 14 days is usu-
ally considered, leaving a very short period in which events can occur. The impact of this on
our conclusions can go in either direction: for shorter time windows, the efficacy in the model
should be lower than the observed one, since for most of the time—the first 14 days—protec-
tion is virtually non-existent; while for longer time windows the same happens, that is, model
parameters should be below measured efficacies due to waning effects of the vaccine. We cur-
rently do not have enough details of the profile of the immunological response over time to set-
tle the issue definitively, yet we expect the pattern of the results to hold, given that we cover
every possibility of relative efficacy and thus this can be compared to averaged values in time
of the efficacy of the first dose.

In summary, we developed a novel approach to assess the best conditions to delay the sec-
ond dose of three different vaccine platforms for COVID-19. Our approach consisted of using
a SEIR-like model coupled with a delay differential equation vaccination model and optimiza-
tion of vaccine stock. We found that the first dose efficacy relative to post second dose efficacy
is an essential parameter when defining the best window between doses, but the vaccine pro-
duction rate in each country can be also decisive. Finally, we also found that those results have
little dependence on the current epidemic situation at the start of the simulation. Further
research in this theme would include non-constant production rate in the optimization
scheme, together with starting such model in an ongoing vaccination roll-out, as well as con-
sidering lower efficacy in different age bins and other dose prioritization schemes.

Supporting information

S1 Text. Model description. The accompanying file contains the mathematical description of
the model, together with the epidemiological parameters used in the simulations.
(PDF)
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