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When vaccine supply is limited but population immunization urgent, the
allocation of the available doses needs to be carefully considered. One
aspect of dose allocation is the time interval between the first and the
second injections in two-dose vaccines. By stretching this interval, more indi-
viduals can be vaccinated with the first dose more quickly, which can be
beneficial in reducing case numbers, provided a single dose is sufficiently
effective. On the other hand, there has been concern that intermediate
levels of immunity in partially vaccinated individuals may favour the
evolution of vaccine escape mutants. In that case, a large fraction of half-
vaccinated individuals would pose a risk—but only if they encounter the
virus. This raises the question whether there is a conflict between reducing
the burden and the risk of vaccine escape evolution or not. We develop an
SIR-type model to assess the population-level effects of the timing of the
second dose. Trade-offs can occur both if vaccine escape evolution is more
likely or if it is less likely in half-vaccinated than in unvaccinated individ-
uals. Their presence or absence depends on the efficacies for susceptibility
and transmissibility elicited by a single dose.
1. Introduction
Many vaccines are administered in two doseswith a certain time interval between
them. The second shot increases the strength and duration of protection.However,
the first shot on its own already establishes some immunity. At the beginning of a
vaccination campaign in a pandemic—such as in the current COVID pandemic—
when population immunization is urgent but vaccine doses are scarce, the ques-
tion arises whether the second shot should be delayed at the benefit of
administering the first vaccine dose tomore peoplemore quickly. Even if half-vac-
cinated individuals are only partially immune, the overall reduction in infections
may be greater in a population in which many people have some immunity than
in a population inwhich fewer individuals have stronger immunity. In the current
COVID pandemic, such a delay strategy has been adopted by the UK [1], while
several other countries such as the USA stick to the interval between injections
that has been applied in the original clinical trials and is therefore recommended
by the manufacturer [2]. In early January 2021, the World Health Organization
recommended to stretch the dosing interval of the first approved vaccine
(Pfizer–BioNTech COVID-19 vaccine) from 21–28 days to 42 days in countries
‘experiencing exceptional epidemiological circumstances’ [3], which has for
example been adopted by Germany, especially from April 2021 on [4]. Already
preceding the current pandemic, mathematical models have compared the
effects of a delay strategy in its extreme form—a one-dose strategy—and a two-
dose strategy for cholera and influenza epidemics/pandemics [5,6]. Sparked by

http://crossmark.crossref.org/dialog/?doi=10.1098/rsif.2022.0045&domain=pdf&date_stamp=2022-06-29
mailto:uecker@evolbio.mpg.de
https://doi.org/10.6084/m9.figshare.c.6026226
https://doi.org/10.6084/m9.figshare.c.6026226
http://orcid.org/
https://orcid.org/0000-0001-9800-4728
http://orcid.org/0000-0002-0669-5267
http://orcid.org/0000-0001-9435-2813
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

19:20220045

2

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

26
 S

ep
te

m
be

r 
20

22
 

the COVID crisis, a series of models have been set up to assess
when stretching the period between the two shots reduces the
total number of SARS-CoV-2 infections [7–11].

However, there is another dimension to the problem, since
the vaccination strategy does not only affect the dynamics of
the current strain of virus, but may also influence the evol-
utionary dynamics of the virus (or another pathogen in
other circumstances). This especially concerns the evolution
of vaccine escape mutants against which the vaccine has no
or reduced efficacy [11]. Vaccine resistance is generally rare
[12]. Yet, the large case numbers in the current pandemic
give the virus a lot of opportunity to replicate, mutate and
adapt. It has been hypothesized that vaccine escape mutants
evolve most easily in people who have only received one
vaccine shot [13]. The reasoning behind this hypothesis is
the following (similar to [14]). After the first dose, vaccinees
have intermediate levels of antibodies [11,15]. This level is
not enough to keep the viral load following exposure to the
virus sufficiently low to avoid the occurrence of a large
number of mutations, including vaccine escape mutations.
At the same time, it gives a large advantage to mutant virus
particles to which the antibodies bind only weakly. By con-
trast, in fully vaccinated individuals, the viral load is kept
low such that mutations are unlikely to occur. In unvaccinated
patients, the virus can initially replicate well and attain high
numbers. However, the immune response is broader than
the one elicited by the vaccine such that vaccine escape
mutants do not have a great advantage over other viral geno-
types. Hence, according to this reasoning, the evolution of
vaccine escape is most likely at intermediate levels of anti-
bodies, which are typical for half-vaccinated individuals.
This raises the concern that the large number of half-vacci-
nated individuals in the delay strategy may drive the
evolution of vaccine escape. Important counter-arguments to
this reasoning bring forward (i) the small number of virus
replications between infection and transmission in acute infec-
tions, which gives little time for mutations to appear and
selection to act, and (ii) residual immunity that limits the
growth of escape mutants if they appear [16,17].

Viral evolution can only occur in infected individuals.
Thus, even if the above reasoning holds, whether vaccine
escape evolves in a host population does not only depend
on the number of partially immune individuals, but also on
the number of infected individuals. If the delay strategy
reduces the disease prevalence in the population, this may
offset the increased probability of vaccine escape evolution
within any one half-vaccinated patient and may actually
decrease rather than increase the risk of vaccine escape (see
the discussion in [16]). Hence, in the interplay of all effects,
is there a trade-off between reducing the cumulative
number of infections in the pandemic and minimizing the
risk of escape mutants or not?

What we were missing in the current public debate is a
quantitative epidemic model that includes the emergence of
escape mutations and quantifies how the strengths of the
various population-level effects compare to each other. We
therefore set up an SIR-type model to dissect and quantify
the considerations and verbal arguments outlined above.
We chose a minimal model that is stripped down to the
most essential components needed to study both aspects of
the problem of dose allocation. This, of course, ignores
much of the biological complexity and does not allow
one to make immediate recommendations for vaccine
strategies in the current pandemic. However, the transpar-
ency of the model makes it possible to develop a better
intuition for the conditions under which there is a trade-off
and those under which the same allocation strategy is opti-
mal in both respects. We therefore hope that it can
contribute to a better-informed discussion.
2. The model
We consider an SIR-type model, where individuals are either
unvaccinated, vaccinated with the first dose only, or fully vac-
cinated with both doses. Since we are interested in the rate of
de novo emergence of vaccine escape mutants and not in
their subsequent spread, we model the disease dynamics in
the absence of the vaccine escape variant. From the number
of wild-type infections, we can estimate the risk of vaccine
escape evolution. The flow diagram of the model is shown
in figure 1a.

Once vaccines become available, there is a limited but
constant supply of vaccine doses that allows injections to be
administered at total rate λ. We assume that vaccine doses
are only given to individuals who have never been infected
by the virus (i.e. infected and recovered individuals do not
receive any (further) vaccination). Up to undetected and
early cases, this assumption is in line with the recommen-
dations by the Robert Koch Institute in the early stages of
vaccine availability [18]. At later stages, it constitutes a simpli-
fication. Any vaccine dose can either be used as a first or as a
second shot. If the time interval between the two injections is
chosen as ω and the second shots are administered at
rate (1/ω)VH (where VH is the fraction of susceptible half-
vaccinated individuals), the rate of first dose injections is
limited to λ− (1/ω)VH. The time interval ω determines the vacci-
nation strategy: it can either be set to the interval ωmin

recommended by the manufacturer or be stretched to increase
the rate at which unvaccinated individuals receive the first
dose. We set the maximal interval as ωmax = 5 ·ωmin. In either
case, by construction, there are always sufficient vaccine doses
available to administer seconddoses as scheduled (see appendix
A). This modelling choice is in line with real-life vaccine stock
management in which sufficient doses are usually withheld for
second shots. For simplicity, we assume that the efficacy of the
first dose remains constant over time and that the dosing interval
ω has no effect on the efficacy of the second dose.

Unvaccinated and partially vaccinated individuals can
become infected with the virus. Vaccination with both
doses, however, entirely blocks infection with the wild-type
strain (which is a simplifying assumption; e.g. Dagan et al.
[19]). The transmission coefficient between unvaccinated
infected individuals and unvaccinated susceptible individ-
uals is given by β. Vaccination with the first dose follows a
leaky mode of action: it reduces susceptibility by a factor
1− x and transmissibility by a factor 1− y [6,20–22]. The par-
ameter x is thus the ‘efficacy for susceptibility’ and the
parameter y the ‘efficacy for transmissibility’ of a single
dose. We assume that infected individuals recover at rate γ,
irrespective of their vaccination status, i.e. the time-course
of infectiousness does not change with vaccination with a
single vaccine dose. Upon recovery, all infected individuals
gain full immunity over the relevant time scales of the pan-
demic. We assume that vaccine escape variants against
which the vaccine has reduced efficacy evolve and become
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Figure 1. Model for the disease dynamics with a two-dose vaccine. (a) Flow diagram of the model defined by equation (2.1). The model corresponds to an
extended SIR model, in which individuals can either be unvaccinated, vaccinated with the first dose only, or vaccinated with both doses. The first dose has
an efficacy on susceptibility x and on transmissibility y. For simplicity, we assume that vaccination with both doses provides perfect protection from the virus.
Since vaccine supply is limited, there are different strategies: either administering the second shots after the minimally required time interval between the
two doses ωmin or delaying the second injection and giving the first dose to more people more quickly (ω > ωmin). The model describes the dynamics in
the absence of vaccine escape mutants. The rate at which such mutants emerge can be obtained from the number of infected individuals, where vaccine
escape may possibly evolve at different per capita rates in unvaccinated and half-vaccinated patients. The allocation strategy affects the total number of individuals
that become infected throughout the pandemic, but also the risk of vaccine escape evolution across the population. It is a priori not clear whether the same strategy
minimizes both quantitites. (b) Example dynamics without vaccination. (c,d ) Example dynamics of infection and vaccination with and without a delay in the second
dose. In (c), the second dose is administered as soon as possible (ω = ωmin). In this case, the fraction of half-vaccinated individuals is always low. In (d ), the second
dose is delayed (ω = ωmax), leading to a much higher fraction of half-vaccinated individuals over time. The vaccination campaign starts during the pandemic, when
a considerable fraction of the population has already been affected by the virus (I(0) = 2.4 × 10−3 and R(0) = 4.2 × 10−2). For illustrative purposes, we show the
dynamics for maximal efficacies of the first dose x = y = 1.
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dominant within unvaccinated individuals at per capita rate μI
and within half-vaccinated individuals at per capita rate μV.
We mostly focus on the case μV≥ μI, but also briefly consider
μV < μI. Once the vaccine escape variant is dominant in one
individual, it can spread across the host population. How-
ever, here we focus on the emergence of these strains and
not on their future dynamics.

Before the escape variant arises, the dynamics of the
epidemic is described by the differential equations

dS
dt

¼� l� 1
v
VH

� �
�bS(Iþð1�yÞVH,I),

dVH

dt
¼ l� 1

v
VH

� �
� 1
v
VH�ð1�xÞbVH(Iþð1�yÞVH,I),

dVF

dt
¼ 1
v
VH ,

dI
dt

¼bS(Iþð1�yÞVH,I)�gI,

dVH,I

dt
¼ð1�xÞbVH(Iþð1�yÞVH,I)�gVH,I

and
dR
dt

¼gIþgVH,I ,

9>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>;

ð2:1Þ
where the first three equations describe the fraction of
individuals that are uninfected and either unvaccinated
(S), half-vaccinated (VH) or fully vaccinated (VF). The next
two equations describe individuals that are infected and
either unvaccinated (I) or half-vaccinated (VH,I). The last
equation describes all individuals that are immune due to
naturally acquired immunity following an infection (R). In
the electronic supplementary material, we study a version
of our model that includes an incubation period modelled
by an exposed class E (SEIR model), which is more realistic
for COVID (electronic supplementary material, S1 and
figure S1).

Once every individual has received the first dose (or has
been infected by the virus), i.e. S = 0, there is no reason any-
more to delay the second dose. However, it is possible that in
a delay strategy, many half-vaccinated individuals are still
waiting for the second shot and that the available doses are
still not sufficient to administer the second doses at rate
1/ωmin. Therefore, once S = 0, the second shot is administered
at a rate given by the minimum of (1/ωmin)VH and λ. (As long
as S > 0, there are always enough doses available to vaccinate
at a steady per capita rate 1/ω, see appendix A.) Ultimately,
every individual in the population has either been vaccinated
or has acquired immunity through infection.
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We choose the model parameters in accordance with
values for the COVID pandemic. We set the infectious
period to 5 days, i.e. 1/γ = 5 days (cf. [11]) and the minimal
interval between the vaccine doses to ωmin = 20 days, which
is the recommended interval for the Pfizer–BioNTech vaccine.
For the rate of vaccine roll-out, if not stated otherwise, we
choose l ¼ 0:2%, which roughly corresponds to the rate in
Germany during March 2021 [23].

As a default, we assume the reproductive number in the
absence of any immune individuals to be RC = β/γ = 1.2,
which is much smaller than the basic reproductive number
of SARS-CoV-2 in the absence of control measures [24].
Our choice means that there are control measures in place,
but they are insufficient to control the spread of the disease.
There are no estimates for the per-patient mutation rates μI
and μV. The absolute values only change the number of
new mutant infections, while the qualitative results in our
model depend on the ratio μV/μI (see below for details).
To account for the uncertainty in this ratio, we consider
μV/μI∈ {0.1, 1, 10}. We set μI = 10−6. Our primary focus
is a scenario in which the vaccination campaign starts
several months into the pandemic when a noticeable
fraction of the population has already been affected by
the virus. We define t = 0 as the start of the vaccination
campaign. As initial conditions, we set I(0) = 2.4 × 10−3 and
R(0) = 4.2 × 10−2, which corresponds respectively to twice
the sum of the reported number of new cases in the 5 days
before 1 January 2021 in Germany and twice the reported
number of total cases on 1 January 2021 [25], making the
assumption that only 50% of the cases are detected [26].
The number of recovered cases is in line with seroprevalence
studies in Germany at this time [27,28]. To account for the
uncertainty in the initial value of infectious cases I(0), we
explore the dynamics with other values in the electronic
supplementary material, finding that the qualitative results
remain the same (figure S8).

We numerically integrate the differential equations using
Python; see our Jupyter notebook that is available in the elec-
tronic supplementary material. Example dynamics are shown
in figure 1b–d. Figure 1b shows the dynamics in the absence
of vaccination. In figure 1c, the second dose is given as
soon as possible (ω = ωmin), while figure 1d shows the
dynamics under the maximal delay strategy (ω = ωmax).

We aim to determine how the strategy affects the number
of (severe) cases and the risk of vaccine escape. The first
quantity that we consider is the normalized cumulative
number of severe cases from the start of the vaccination cam-
paign until the end of the pandemic, provided no vaccine
escape mutants evolve,

B ¼
ð1
0
gIðtÞ þ ð1� zÞgVH,IðtÞdt, ð2:2Þ

where z is the relative efficacy against severe disease of a
single dose of the vaccine. We refer to B as the burden. With-
out loss of generality, we have normalized the fraction of
severe cases by the probability that an unvaccinated individ-
ual is a severe case. The total burden can be decomposed into
the burden BS ¼ Ð1

0 gIðtÞdt arising from unvaccinated indi-
viduals and the burden BH ¼ Ð1

0 ð1� zÞgVH,IðtÞdt arising
from half-vaccinated individuals. In the main text, we will
restrict our analysis to z = 0, i.e. a single dose does not
reduce disease severity (but see electronic supplementary
material, figure S4). In this case, the burden describes the
cumulative fraction of infected individuals since the onset
of vaccination (B(z = 0) =R(∞)−R(0)).

The second quantity of interest is the escape risk defined
as the cumulative fraction of patients in whom vaccine escape
mutants evolve after vaccine roll-out has started in the popu-
lation (assuming that none are spreading yet at that time):

M ¼
ð1
0
mI IðtÞ þ mVVH,IðtÞdt: ð2:3Þ

As for the burden, it can be insightful to decompose the total
escape risk M according to the vaccination status of the
patients into MS ¼ Ð1

0 mI IðtÞdt and MH ¼ Ð1
0 mVVH,IðtÞdt.

The measure M does not account for differences in onward
transmission of the vaccine escape variant from unvaccinated
and half-vaccinated individuals in whom it has newly
evolved. Even if the escape variant becomes dominant
within a host, viral loads may well be different in these
two groups of patients due to the different within-host
dynamics, which may lead to differences in transmission.
In the main text, we avoid making assumptions on the
degrees of onward transmission (note that the efficacies x
and y for the wild-type variant may not apply to newly
evolved mutants). In the electronic supplementary material,
we include the first step of onward transmission of new
vaccine escape variants to the next host into the measure
M, assuming that a single vaccine dose also reduces
the transmissibility of the mutant variant; see electronic
supplementary material, figures S5, S6 and S7.

In a non-deterministic world, vaccine escape mutants
may or may not evolve. The sum μI I(t) + μV VH(t) can also
be interpreted as a stochastic rate, and the integral quantifies
the total risk over the course of the pandemic (not taking into
account the risk prior to the vaccine roll-out, which is inde-
pendent of the chosen vaccination strategy). More precisely,
the probability that vaccine escape mutants evolve is given by

Pescape ¼ 1� e�NM, ð2:4Þ
where N is the total population size (similarly, the probability
that vaccine escape has already evolved prior to the vaccine
roll-out can be estimated as 1� e�NmIRð0Þ=g). It should be
noted that this is the probability of their mere appearance.
That does not mean that they will spread. For example,
some of those patients in whom vaccine escape mutants
evolve may not infect anyone, in which case the mutation is
lost again from the population. For shortness, we often
refer to M as the risk of vaccine escape in the following,
but it should be kept in mind that the probability of vaccine
escape is not directly given by M but by equation (2.4) and
that this does not involve any probability of establishment
of the vaccine escape mutant in the population.
3. Results
3.1. When can conflicts between reducing the burden

and the escape risk appear?
What is the relationship between the burden B (with z = 0)
and the fraction of new mutant infections M? The fraction
of mutants can be rewritten as M ¼ mI

Ð
I þ ðmV=mIÞVH,I dt.

Thus, the qualitative effect of increasing or decreasing ω
only depends on the ratio μV/μI, but not on their individual
values. Comparing to the total burden B ¼ g

Ð
I þ VH,I dt,
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we see that there is no conflict between minimizing both
quantities if μV = μI, since in that case both quantities are
proportional to each other, M∝ B. However, if μV > μI, the
two quantities are no longer proportional to each other, and
it is conceivable that M increases with a change in ω, while
B decreases. Similarly, if μV < μI, a delay strategy may
decrease M but increase B. By contrast, we always have
MS∝ BS and MH∝ BH, i.e. within the two sub-populations
of susceptibles and half-vaccinated patients there is no con-
flict and a reduction in burden always implies a reduction
in escape risk.
l/rsif
J.R.Soc.Interface

19:20220045
3.2. How do efficacies for either susceptibility or
transmissibility affect the burden and the risk of
vaccine escape?

Before exploring the entire range of possible effect sizes x
and y of the first vaccine dose, we consider the two limiting
cases, in which the first vaccine dose has an effect either on
susceptibility only (figure 2a–f ) or on transmissibility only
(figure 2g–l ), but not on both simultaneously, and consider
μV/μI = 10. For our default parameter set, reductions in sus-
ceptibility and transmissibility reduce both the burden and
the escape risk, and they can both change the effect of the
delay between the injections. With respect to the total
burden, efficacies for susceptibility and transmissibility have
overall very similar effects, both quantitatively andwith respect
to their influence on the optimal strategy (compare figure 2a and
figure 2g, but see results for higherRC in figure 3,where this does
not hold). By contrast, for the appearance of vaccine escape var-
iants, it makes a difference whether the first dose reduces
susceptibility or transmissibilty (compare figure 2d and figure
2j). Thediscrepancy comes fromslight differences in the fraction
of half-vaccinated patients that do not affect the total burden
much but amplify in MH (see especially the solid lines in
figure 2f,l ).

In both cases, the burden mainly stems from unvacci-
nated individuals that become infected (compare BS with
BH in figure 2). The interval between the two doses has not
only a direct effect on this burden by affecting the fraction
of unvaccinated individuals but also an indirect effect by
changing the transmission dynamics (e.g. for x = 0, BS

increases with ω, although a longer delay reduces the fraction
of unvaccinated susceptible individuals S). In a similar way, if
the first dose has no effect on transmissibility (y = 0), most
mutants emerge from unvaccinated individuals. By contrast,
if the first dose has no effect on susceptibility (x = 0), evol-
ution within half-vaccinated individuals substantially
contributes to the emergence of vaccine escape even if
the first dose blocks transmission of the wild-type virus
completely (y = 1; see figure 2l ).

Regarding the effect of a potential delay of the second
shot, we observe that the strategy ω that minimizes the
burden is always either the no-delay strategy (ω = ωmin) or a
maximal delay (ω = ωmax), but never an intermediate interval
between the two doses (figure 2a,g). The same holds true for
the fraction of new mutant infections (figure 2d,j ). If the first
vaccination has neither an effect on susceptibility nor on
transmissibility, both the burden and the escape risk increase
with the time between the two injections. For strong effects in
either susceptibility or transmissibility, an increase in the
delay between injections reduces the burden (again, this is
not true for higher RC; see below). For the escape risk, the pic-
ture is different. With a strong efficacy for susceptibility, a
delay of the second shot reduces the escape risk. In that
case, the effects of a delay on the burden and on the vaccine
risk align. By contrast, if the vaccine has no effect on suscep-
tibility (x = 0), delaying the second dose increases the risk of
vaccine escape, irrespective of how well the first dose
blocks onward transmission of the wild-type virus (y = 1;
solid curve in figure 2j ). The effects on the burden and on
the risk of vaccine escape diverge in this case.

We therefore can conclude from these limiting cases that
conflicts between reducing the burden and the risk of vaccine
escape can exist (see x = 0, y = 1), but the reduction in cases
can also outweigh the increased risk of within-host evolution
of vaccine escape (see y = 0, x = 1).
3.3. In which range of efficacies for both
transmissibility and susceptibility do trade-
offs emerge?

To investigate more closely under which circumstances the
effect of the strategy on the burden and the fraction of
escape mutants diverge, we proceed to explore the entire
range of efficacies for susceptibility and transmissibility
and vary other parameters as well. As for the limiting cases,
we found that the optimal strategy is either no delay or amaxi-
mal delay. We therefore focus on the burden and the escape
risk with the recommended interval of vmin ¼ 20 days and a
maximally stretched interval of ωmax = 100 days. To determine
which strategy is optimal under the respective criterion, we
consider the differences ΔB = Bω=100− Bω=20 and ΔM =Mω=

100−Mω=20 and ask when they are larger than zero (do not
delay) or smaller than zero (delay the second dose); see
figure 3. For reference, i.e. to put the differences in ΔB and
ΔM into context of absolute values of B and M, the absolute
burden and fraction of newmutant infections with our default
parameter set is given in figure 4 for both values of ω.

We already know from the analysis of the limiting cases
that neither strategy is optimal in minimizing the burden
across the entire range of x and y. This can be further seen in
figure 3a–c. If the effect of the first dose is sufficiently strong,
the delay strategy is favoured. If it is weak, the second dose
should not be delayed. The area in which delaying the
second dose is beneficial is reduced if the reproductive
number RC is higher, i.e. if the infection rate in the population
is larger (cf. figure 3a and figure 3b). In that case, a reduction of
the transmissibility on its own without any effect of the first
dose on susceptibility is insufficient to justify a delay strategy.
If more vaccine doses are available (higher vaccination rate λ;
figure 3c), the choice of the strategy becomes less important,
with differences in outcomes being smaller.

Both strategies affect the burden and the fraction of escape
mutants equivalently if μV = μI (compare the first and third
rows of the figure). For μV > μI, as expected from the general
considerations above, the range of x and y favouring a delay
strategy is larger for the burden than for the number of
mutants (figure 3j–l). In that case, a parameter range opens
up in which a delay strategy reduces the burden but increases
the fraction of new mutant infections. By contrast, if μV < μI
(figure 3d–f ), a delay strategy may not be optimal for redu-
cing the burden, but reduce the risk of vaccine escape. In
the electronic supplementary material, we show that the
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Figure 2. Burden and number of new mutant infections (escape risk) as a function of the interval between the two doses for the two limiting cases, in which the
first dose has an effect on (a–f ) susceptibility only (y = 0) or on (g–l) transmissibility only (x = 0). For illustrative purposes, we show the differences in burden per
hundred people ΔB × 102 and the differences in escape risk per million people ΔM × 106. The black dotted lines, where the first dose has no effect at all (x = y =
0), are identical in the two parts of the figure. Reductions in susceptibility and transmissibility both reduce the burden and the risk of vaccine escape. The con-
sequences of a delay of the second shot depend on the effects of the first dose. A delay may increase both the burden and the risk of vaccine escape (dotted black
line in a and d/g and j ), decrease both quantities (solid red line in a and d ), or decrease the burden at the cost of an increased risk of vaccine escape (solid blue line
in g and j ). The figure shows results for our default parameter set with the ratio of mutation rates μV/μI = 10.
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Figure 3. Differences in the burden and the number of new mutant infections (escape risk) between the strategies with a minimal and a maximal interval between
the two vaccine doses, ΔB = Bω=100− Bω=20 and ΔM = Mω=100− Mω=20, depending on the efficacies for susceptibility x and transmissibility y elicited
by the first dose. If the difference is positive, a delay increases the burden/escape risk (do not delay). If it is negative, a delay reduces the burden/escape risk
(delay the second dose). For illustrative purposes, we show the differences in burden per hundred people ΔB × 102 and the differences in escape risk per
million people ΔM × 106. The three columns correspond to our baseline scenario with the default parameter set (left column), a high reproductive number
scenario (middle column), and a scenario with a high vaccination rate λ (right column). We consider three different ratios of the per capita mutation rates in
unvaccinated and half-vaccinated individuals. As expected, for μV/μI = 1 (g–i), the same strategy minimizes both the burden and the risk of vaccine escape,
irrespective of x and y. For μV > μI ( j–l), there is a parameter range, in which a delay reduces the burden but increases the risk of vaccine escape. For
μV < μI (d–f ), by contrast, a delay increases the burden but decreases the escape risk in some parameter regime. Note that the colour scale is the same
across rows but not across columns.
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Figure 4. Total burden B and total number of new mutant infections M for a minimal interval between the two doses (a,c) and for a maximal delay (b,d ),
depending on the efficacies for susceptibility x and transmissibility y elicited by the first dose. For illustrative purposes, we show the differences in burden per
hundred people ΔB × 102 and the differences in escape risk per million people ΔM × 106. Increasing the efficacy for susceptibility or transmissibility reduces
the total burden and the escape risk, but in quantitatively different ways such that a trade-off between them regarding the optimal time between injections
ω can emerge. The figure shows results for our default parameter set with the ratio of mutation rates μV/μI = 10.
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results are not qualitatively different for the SEIR version of
our model (electronic supplementary material, figures S2
and S3). We furthermore study in the electronic supplemen-
tary material how the trade-off changes if the first dose
reduces the disease severity (z > 0). In this case, trade-offs
also occur for μV/μI = 1. For μV/μI = 10, the parameter range
in which a trade-off occurs is even larger than in the absence
of an effect of the first dose on disease severity (i.e. for z = 0),
while it gets smaller if μV/μI = 0.1 (electronic supplementary
material, figure S4). Reduced transmissibility of the mutant
variant in half-vaccinated individuals—if taken into account
in the assessment of the vaccine escape risk by including
the first step of onward transmission—reduces the critical
area in the x–y plane, in which we observe trade-offs, for
μV > μI (electronic supplementary material, figures S6 and S7).

The differences ΔB and ΔM between the two strategies can
be substantial, such that they become relevant in choosing
vaccination strategies. If vaccine doses are scarce, the strategy
can change the infected fraction of the population by several
percentage points of the population for some combinations of
x and y. To put this into perspective, the cumulative fraction
of COVID cases in Germany in April 2021 (four months after
the start of the vaccination campaign) was around 7% [25,27]
(assuming as above that about 50% of all cases are detected
[26]). Hence, the effect of the strategy is in some parameter
regions of the same order of magnitude as the cumulative
number of cases in Germany at the time this paper was
written. Likewise, the strategy can substantially influence
the total fraction of new mutant infections, doubling M in
some cases and with it increasing the risk that vaccine
escape mutants evolve.

3.4. What changes if vaccines are available right from
the start of the pandemic?

We finally compare the results to a scenario in which the vac-
cine is available right from the start of the pandemic, for
whichwe choose I(0) = 10−6 andR(0) = 0 (figure 5). Such a scen-
ario may be relevant in case escape mutations necessitate a
novel vaccination campaign and that the vaccine is available
before the new variant is present in all countries. In this case,
the parameter range in which a delay strategy minimizes the
risk of escape mutants is enlarged (compare figure 5c and
figure 5d). However, the benefit of either strategy in reducing
the burden or the risk of vaccine escape is much smaller than
for our primary scenario, in which a vaccine becomes available
only during the pandemic (compare the two columns).
4. Discussion
When vaccines are scarce, should we increase the timing
between the two doses? Using an SIR model, extended by
half-vaccinated (first dose only) and fully vaccinated (two



vaccination campaign starts after ~ 4% of the
population have already been infected

I (0) = 2.4 ¥ 10-3, R (0) = 4.2 ¥ 10-2

vaccination campaign starts at the beginning of
the epidemic

I (0) = 10-6, R (0) = 0
(a) (b)

di
ff

er
en

ce
in

bu
rd

en
 D

B
di

ff
er

en
ce

in
es

ca
pe

 r
is

k 
DM

ef
fi

ca
cy

 f
or

 tr
an

sm
is

si
bi

lit
y 

y

1.0

2.88

0.56

0.04

0.03

0.02

0.01

0

0.42

0.28

0.14

0

0.35

0.28

0.21

0.07

0

0.14

1.92

0.96

0

−1.92

−0.96

0.8

0.6

0.4

0.2

0 0.2 0.4 0.6 0.8 1.0
efficacy for susceptibility x

ef
fi

ca
cy

 f
or

 tr
an

sm
is

si
bi

lit
y 

y

1.0

0.8

0.6

0.4

0.2

0 0.2 0.4 0.6 0.8 1.0
efficacy for susceptibility x

ef
fi

ca
cy

 f
or

 tr
an

sm
is

si
bi

lit
y 

y

1.0

0.8

0.6

0.4

0.2

0 0.2 0.4 0.6 0.8 1.0
efficacy for susceptibility x

delay the
2nd dose

do not
delay

delay the
2nd dose

do not
delay

DB (in 1/100)

(c)

delay the
2nd dose

do not
delay

DM (in 1/million)

ef
fi

ca
cy

 f
or

 tr
an

sm
is

si
bi

lit
y 

y

1.0

0.8

0.6

0.4

0.2

0 0.2 0.4 0.6 0.8 1.0
efficacy for susceptibility x

(d)

delay the
2nd dose

do not
delay

DM (in 1/million)

DB (in 1/100)

Figure 5. Comparison between a scenario in which vaccines become available during a pandemic (a,c) and a scenario where they are available right from the start
(b,d ). The figure shows the differences in the burden and in the number of new mutants infections between the strategies with a minimal and a maximal interval
between the two vaccine doses, ΔB = Bω=100− Bω=20 and ΔM = Mω=100− Mω=20. For illustrative purposes, we show the differences in burden per hundred
people ΔB × 102 and the differences in escape risk per million people ΔM × 106. When vaccines are available from the start, differences between strategies
are much smaller. (Note the different scales of the colour gradients between columns and between this figure and figure 3.) The figure shows results for our
default parameter set with the ratio of mutation rates μV/μI = 10.
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doses) individuals, we explored when the choice of the inter-
val between the two doses—delay or no delay—leads to
conflicts between reducing the burden and the risk of vaccine
escape evolution. On short time scales, reducing the burden
is the primary goal, but the risk of vaccine escape could
pose a major societal problem on a longer time scale.
4.1. What does the SIR model find?
If the first dose has only a weak effect, a delay of the second
dose increases both the burden and the fraction of new
mutant infections. If the first dose has a sufficiently strong
effect, a delay is beneficial in both respects. However, this
latter area in the susceptibility–transmissibility efficacy (x–y)
plane is small and limited to an extremely high efficacy for
susceptibility if the within-host evolution of vaccine escape
is much larger in half-vaccinated than in unvaccinated indi-
viduals. Between these two parameter ranges in which both
criteria suggest the same interval between the two doses,
there is a parameter region in which a delay reduces the
burden—but at the cost of an increased risk of vaccine
escape. This region is absent if vaccine escape evolution is
equally likely within half-vaccinated and unvaccinated
patients (unless a single vaccine dose reduces the risk of
severe disease as considered in electronic supplementary
material, S2). If vaccination with the first dose reduces the
per capita rate of vaccine escape, a delay strategy may
reduce the risk of vaccine escape, but increase the burden.
These results also hold true if an exposed class is included
into the model. If vaccine escape is more likely in half-
vaccinated than in unvaccinated individuals, the critical
parameter region is even larger if the first dose reduces the
risk of severe disease. It becomes smaller if onward trans-
mission of the new mutant to the next host is reduced by
the first drug dose but does not even vanish if the reduction
is as strong as for the wild-type variant of the virus.

Our model suggests that the conditions under which a
delay strategy is favourable for reducing the burden are
more restrictive with a higher reproductive number RC. This
is the opposite of what has been found by Matrajt et al. [6],
comparing a strict one-dose to a two-dose strategy. There are
several differences between the models. For example, Matrajt
et al. [6] assume that all individuals are vaccinated at the
same time but immunity takes time to build up following vac-
cination, while we assume that vaccine roll-out is a continuous
process over time but once an individual has received a vac-
cine shot, the effect is immediate. Other differences include
incomplete versus complete vaccine coverage, the presence
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and absence of asymptomatic infections, and incomplete
versus complete protection with two doses.

4.2. What affects the fate of new escape variants?
We only consider the emergence of vaccine escape mutants
but do not track their spread (except for a single transmission
step, which we consider in the electronic supplementary
material, S3). As already mentioned in the model section,
the fate of these mutants is subject to stochasticity as long
as they are rare [29]. Especially when the distribution of
secondary cases is overdispersed—i.e. when a small
number of patients infect many others, while the majority
of patients infect only few or no other individuals—it is
likely that the mutation is lost again from the population
[30]. The heterogeneity in transmission has been estimated
to be rather high for SARS-CoV-2 [31,32]. Beyond these sto-
chastic effects, there are many factors that affect the spread
of escape variants by changing their reproductive number,
and we only discuss a few examples here. Social distancing,
contact tracing, and isolation of infecteds control not only
the wild-type virus but also escape variants. For our model,
we assumed RC to be constant throughout the pandemic,
but in reality the transmission coefficient changes over time
due to control measures, changes in behaviour, and also up
to some extent seasonality. This includes in particular the
extent at which social distancing restrictions are lifted already
during a vaccination campaign. This affects the establishment
of escape variants [29], but also their propagation once fre-
quent. A further factor that is crucial for the fate of escape
mutants, short term and long term, is the degree up to
which vaccination is still effective against them. Cobey et al.
[16] argue that vaccination will likely still grant some level
of protection against escape variants. This means that they
would not spread well in a population with high vaccination
coverage. Yet, escape mutants may accumulate additional
mutations over time that increase their degree of vaccine
resistance. Apart from residual vaccine protection to escape
mutants, if different vaccines using different antigenic targets
or variants of the same target are employed, the spread of
mutants across the population escaping from one vaccine is
likely still hampered by the other vaccines [33]. Spread of
escape variants is moreover affected by the protection pro-
vided by naturally acquired immunity, which may not
always be sufficient to prevent reinfection [34].

4.3. Are effects on the burden and on vaccine escape
equally predictable?

The difference that the choice of strategy makes can be
substantial. Whether an extended interval between shots
increases or decreases the burden crucially depends on the
efficacies for susceptibility and transmissibility elicited by
the first dose. The number of studies estimating the effects
of the first (and second) doses of the various COVID vaccines
is currently (i.e. in spring 2021) rapidly growing. With suffi-
cient information, we can probably be rather confident
about the consequences of our choice with respect to the dis-
ease burden. Matters are much more complicated when it
comes to assessing the risk of vaccine escape, which requires
one to make predictions about evolution in a highly complex
and dynamic environment. In our simple model, the range of
first dose effects for which a reduction in burden comes at an
increased risk of vaccine escape depends on the relative prob-
abilities of within-host evolution of escape mutants in half-
vaccinated and unvaccinated individuals. There is concern
that vaccine escape mutants evolve more easily in partially
immune individuals, but we do not know whether this is
really the case and, if so, how much more likely it is, or if vac-
cine escape is not even less likely in half-vaccinated
individuals [11,13,16,17]. We generally do not know how
easily the virus can escape from immunity nor do we know
up to which degree mutants will evade vaccine-induced
immunity and potentially also naturally acquired immunity
nor what their degree of cross resistance to other vaccines is
going to be. And even if we knew all this, the appearance
and establishment of vaccine escape mutants would still be
a probabilistic event that may or may not happen. Moreover,
escape mutants can also be imported from other regions [35].
When sufficient information on the effectiveness of the
first dose and the duration of immunity is known, it is
hence weighing an immediate assessable benefit against an
unknown future risk with unknown consequences.

4.4. Conclusion
Our model is not suitable to solve the dilemma nor to make
any concrete recommendations. It only contains the most
essential elements necessary to describe the epidemiological
dynamics, which, of course, requires making many simplify-
ing assumptions. The per capita rates of escape evolution are
model parameters, and the model explores the population-
level consequences, given a certain ratio between the rates
in half-vaccinated and unvaccinated patients. Such a funda-
mental model shows in a transparent manner how the
verbal arguments that have been brought forward play out
in a quantitative model. Maybe most importantly, the
model allows one to see that a delay strategy can increase
or decrease the risk of vaccine escape and to identify when
conflicts between reducing the burden and the risk of vaccine
escape arise, where the effects of the first dose in terms of
efficacies for susceptibility and transmissibility and the
relative risks of vaccine escape in half-vaccinated and unvac-
cinated patients are key parameters. It could also provide a
starting point for more detailed models that take further
complications into account. Relevant extensions include the
implementation of a risk structure with possibly different
strategies across risk groups, heterogeneity in vaccine efficacy
among individuals, increasing vaccine availability over time,
and a more realistic dynamics of the pandemic, where the
reproductive number fluctuates with tightening and loosen-
ing of control measures and seasonality. Maybe most
importantly, future models also need to address the influence
of the vaccination strategy on the spread of escape variants
across the host population. Our current model clearly
shows that the decision to delay the second dose can influ-
ence the future number of cases and the risk of the
evolution of escape variants. It furthermore shows that
knowledge about both the efficacy for susceptibility and the
efficacy for transmissibility is needed to make a quantitat-
ively informed decision. We hope that our model helps to
provide a more solid foundation for the discussion on
vaccination strategies.

Data accessibility. The Jupyter notebook for running the model and
reproducing the figures is available as electronic supplementary
material [36].
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Appendix A. Availability of second doses
In this appendix, we show that there are at all times enough
doses available to administer the second dose after the
chosen time interval ω, as long as S(t) > 0, i.e. there never
arises a situation in which the second dose needs to be further
delayed due to vaccine shortage. For this, we need to show
that λ > (1/ω)VH.

We first consider a disease-free population (I(t) =VH,I(t) =
0 for all t). We denote the fraction of half-vaccinated individ-
uals in this scenario by VH,0. From equation (2.1), their
dynamics is given by

dVH,0

dt
¼ l� 1

v
VH,0

� �
� 1
v
VH,0 with VH,0ð0Þ ¼ 0, ðA 1Þ
which solves to

VH,0ðtÞ ¼ lv

2
(1� e�ð2=vÞt): ðA 2Þ

With this, we have

l� 1
v
VH,0 ¼ l

1
2
þ e�ð2=vÞt

� �
. 0: ðA 3Þ

We now turn to a population in which the virus is spread-
ing. In this case, as given in equation (2.1), there is an
infection in the differential equation describing the changes
in the fraction of half-vaccinated individuals:

dVH

dt
¼ l� 1

v
VH

� �
� 1
v
VH

� ð1� xÞbVH(I þ ð1� yÞVH,I)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
;VH fðtÞ

with VHð0Þ ¼ 0:

ðA 4Þ

Comparing to equation (A 1), we see that

dVH

dt
� dVH,0

dt
and VHð0Þ ¼ VH,0ð0Þ ¼ 0:

Therefore,

VHðtÞ � VH,0ðtÞ ) l� 1
v
VHðtÞ � l� 1

v
VH,0ðtÞ . 0,

where the last step follows from equation (A 3). This implies
λ > (1/ω)VH.
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