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Abstract
The COVID-19 pandemic and current uncertainties about H5N1 influenza underscore
the importance of vaccination for both community immunity and to prevent pathogen
invasion. While the duration of a fully-immune period is often included in epidemiolog-
ical models with waning immunity, the relative susceptibility to infection in fully-waned
individuals and moreover their interplay that determines the shape of the trajectory of
waning vaccinal immunity also may have important impacts on pathogen invasion poten-
tial. In this paper, we examine pathogen invasion outcomes with a simple mathematical
framework that embeds the shape of vaccinal immunity within a buffered susceptibility
framework. Using illustrative examples, we show pathogen invasion hinges on the char-
acteristics of this shape, resulting in a large variation in outcomes. A key result is that
stronger immunity (i.e. a smaller relative susceptibility in fully-waned individuals) can
have a dramatic impact on such invasion characteristics, but the magnitude of this effect
crucially depends on the underlying shape of immunity: the initial rate of waning is critical
to the outcome. Our results highlight the importance of measuring the relative suscep-
tibility of infection in fully-waned individuals. Additionally, they illustrate the importance
of characterising host immune responses granularly and of taking this into account in
pathogen-specific epidemiological models.

Author summary
Vaccine protection often wanes over time and we therefore require repeated vaccination
in order to ensure high enough levels of protection for community immunity. While
waning immunity is complex, classic epidemiological models often simplify this pro-
cess. In this paper, we present a mathematical model of community vaccination where
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vaccinated individuals flow through a number of compartments with changing rela-
tive susceptibility to reinfection; this allows us to examine the impact of more realistic
patterns of the loss of immunity. We find that the relative susceptibility of a vaccinated
individual after protection wanes and the shape of the waning process itself both have
implications for the resulting level of community protection. Our results therefore show
the importance of accurately modeling host immune responses and the need for more
empirical work that examines the shape of vaccinal waning immunity. We also require
more data on the susceptibility of infection in individuals whose protection has fully
waned after vaccination.
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design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have
declared that no competing interests exist.

Introduction
The COVID-19 pandemic highlighted the importance of waning immunity on epidemiologi-
cal dynamics and public health interventions (e.g. [1–4]) not least in the context of proposed
nonpharmaceutical interventions that hinge on individual immune status, such as ‘shield
immunity’ [5,6]. The watershed moment during the COVID-19 pandemic was the devel-
opment and deployment of safe vaccines [7–9] and while current formulations of COVID-
19 vaccines only transiently prevent infection, effective transmission-blocking vaccines can
result in pathogen control (see e.g. [10–12]). However, for SARS-CoV-2 and other antigeni-
cally variable pathogens such as influenza, protective immunity from vaccinations is known
to wane over time [13,14]. This can be due to numerous factors including antigenic changes
in the pathogen but also the waning of antibodies to vaccine strains following vaccination [15,
16]. There have been important recent efforts to generate pan-coronavirus/pan-sarbecovirus
vaccines that would provide broad immunological protection (see e.g. [17–20]) and similarly,
the development of ‘Universal Influenza Vaccines (UIVs)’ has been an important focus (see
e.g. [21–26]). Such broadly-protective vaccines will be crucial to prevent the next pandemic
and given the current situation with H5N1 influenza, it is important for us to better under-
stand the epidemiological dynamics of vaccination in the context of waning immunity (see
e.g. [27]).

Clearly, whether community immunity prevents pathogen establishment (or whether elim-
ination is achieved if vaccination begins after establishment) crucially hinges on the strength
and duration of vaccinal immunity. Furthermore, it may depend on the way in which immu-
nity is lost through time, i.e. the shape of waning immunity. Thus, an important question is
how immunity wanes, in addition to the rate at which it is lost. For example, does it matter
if immunity remains relatively high and then falls off rapidly (an accelerating loss of immu-
nity), or if there is an initial loss followed by a slow decline (a decelerating loss)? It seems clear
that the duration and shape of waning immunity are likely to be important to epidemiological
dynamics and control through vaccination.

Classic susceptible-infected-recovered-susceptible (SIRS) models capture waning immu-
nity by using a single waning rate or immunity period, after which the host is fully susceptible
again [28]. Throughout the paper when we refer to susceptibility we are only considering sus-
ceptibility to transmission, although previous models have investigated the waning of sever-
ity blocking immunity [29]. As such these classic models assume individuals are either fully
susceptible or fully immune, but it is clear that individuals may never return to full suscepti-
bility. To capture this effect, Morris et al. [30] developed a model with buffered susceptibility,
where individuals wane to a different, but also susceptible, class. Recent work has leveraged
simple mathematical models with buffered susceptibility to investigate the impacts of immune
uncertainties on potential future SARS-CoV-2 trajectories [4,29,31–33] and have showed
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that the characteristics of buffered immunity can lead to a large range of future immuno-
epidemiological outcomes. For example it has been shown that structured immunity can
cause backwards bifurcations or multiple equilibria in epidemiological models [34]. Simu-
lation work has shown the importance of explicitly modeling the within host process [35]
and variation in individual waning [36]. Together, this work shows that careful modeling of
the immune processes is key to understanding population level dynamical implications of
immune interactions.

In other work, El Khalifi and Britton [37,38] have examined gradual waning (i.e. regaining
progressively stronger partial susceptibility during waning) in a variety of contexts. To model
gradual waning in an SIRS model, they considered individuals flowing through a series of
partially immune (and thus partially susceptible) classes until returning to complete suscep-
tibility, and they compared linear and exponential waning with classical assumptions [37]. As
a calibration method, they assumed that the cumulative immunity during the waning period
was constant. In subsequent work [38], these authors further developed this framework to
include heterogeneous waning among groups. While El Khalifi and Britton [37,38] showed
the effects of gradual waning in SIRS frameworks, and Saad-Roy, Wagner et al. [4] examined
the case where individuals wane to a partially susceptible class (i.e. ‘buffered susceptibility),
the effects of the shape of immunity with buffered susceptibility remain unknown.

In this paper, we develop a framework to examine the effects of the shape of waning vacci-
nal immunity on pathogen control. We use a buffered susceptible approach and consider mul-
tiple susceptible classes, each with their own relative susceptibility to infection, with the last
(fully-waned) state (potentially) preserving some immunity (i.e. having lower susceptibility to
infection than a never-exposed individual, see [4,29–33]). Thus, our mathematical model con-
sists of a series of partially susceptible classes, which extends (and generalizes) previous analy-
ses with two ‘susceptible’ classes (see [4]). We capture waning immunity with different shapes
and examine how this impacts epidemiological dynamics and in particular pathogen control
through vaccination. Furthermore, while El Khalifi and Britton [37,38] calibrated their model
based on cumulative immunity, we assume here that the duration until individuals are fully-
waned is the same, and vary the relative susceptibility as they progress through multiple par-
tially immune states. Thus, the cumulative immunity for particular schemes may vary, and
future work should examine the effects of keeping this constant in a buffered susceptibility
framework.

Model framework
We extend the model of Saad-Roy, Wagner et al. [4] to include multiple partially susceptible
classes. However, to focus on the waning process, we ignore characteristics of infections in
priorly-immune individuals (which was modelled in [4]). Thus, in our model, S0 is the class
of completely naive hosts, S1 describes the class of vaccinated individuals where immunity
has fully waned so that the relative susceptibility to infection is 𝜀0 (e.g. 𝜀0 = 1 describes a vac-
cine where immunity is eventually completely lost). For j = 2, ...,n, Sj describes vaccinated
hosts that flow from Sj+1, where Sn consists of individuals that have been most recently vac-
cinated. Finally, I represents the infected class of hosts. All compartments sum to 1, so each
class reflects a proportion of the population. We denote 𝜇 as the birth/death rate of the host, 𝜈
as the vaccination rate of the host population (i.e. we assume that vaccination occurs at ran-
dom), 𝜔 as the waning rate of the immunity (i.e. 1

𝜔 is the average time to get from Sn to S1),
𝛽 as the transmission rate, and 𝛾 as the recovery rate. Furthermore, 𝜀(j) denotes the relative
susceptibility of individuals in Sj, i.e. this represents the degree of waning that has occurred.
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Thus, the function 𝜀(j) is the ‘shape of waning immunity’. The model equations are therefore

dS0

dt
= 𝜇 – (𝜇 + 𝜈)S0 – 𝛽S0I,

dS1

dt
=m𝜔S2 – (𝜇 + 𝜈)S1 – 𝛽𝜀(1)S1I,

dSi
dt
=m𝜔Si+1 – (𝜇 + 𝜈 +m𝜔)Si – 𝛽𝜀(i)SiI (1 < i < n),

dSn
dt
= 𝛾I + 𝜈

m
∑
j=0

Sj – (𝜇 +m𝜔)Sn,

dI
dt
= 𝛽S0I + 𝛽

m
∑
j=1
𝜀(j)SjI – (𝜇 + 𝛾)I,

where m = n – 1.
In this paper, we examine the effect of the shape of waning immunity on potential

pathogen invasion. Thus, we focus on the disease free equilibrium (P0, where I0 = 0), and the
vaccination required so that it is stable. To obtain the disease-free equilibrium in our model,
we set the model equations equal to zero (see S1 Appendix for detailed derivations), which
gives

S∗0 =
𝜇

𝜇 + 𝜈 ,

S∗1 =
𝜈

𝜇 + 𝜈 (
m𝜔

𝜇 + 𝜈 +m𝜔 )
m,

S∗i = (
m𝜔

𝜇 + 𝜈 +m𝜔 )
n–i 𝜈
𝜇 + 𝜈 +m𝜔 , (1 < i < n)

S∗n =
𝜈

𝜇 + 𝜈 +m𝜔 .

In the absence of vaccination, the basic reproduction number is that of the classic SIR
model, i.e.

R0 =
𝛽

𝜇 + 𝛾 .

With vaccination, i.e. 𝜈 > 0, the control reproduction numberRC can be determined using
the linearization of the dI

dt equation at the disease-free equilibrium (see [39] for a generalized
approach), i.e.,

RC =
𝜕
𝜕I

dI
dt
∣
P0

=R0
⎛
⎝
S∗0 +

m
∑
j=1
𝜀(j)S∗j

⎞
⎠
. (1)

Thus, when 1
S∗0 +∑

m
i=1 𝜀(i)S∗i

is less thanR0, the pathogen can invade a population that is
undergoing vaccination at rate 𝜈, with the shape of immunity 𝜀(i) and rate of waning immu-
nity 𝜔. We denote the value ofR0 required to invade a population being vaccinated under
such a scheme to beRinv or the “R invasion”.

1
S∗0 +∑

m
i=1 𝜀(i)S∗i

=Rinv (2)

Thus, we can compute this quantityRinv for any formulation of 𝜀(i). ClearlyRinv depends
on the particular shape of waning. To illustrate a variety of cases, we use two different waning

PLOS COMPLEX SYSTEMS https://doi.org/10.1371/journal.pcsy.0000071 October 14, 2025 4/ 14

https://doi.org/10.1371/journal.pcsy.0000071


ID: pcsy.0000071 — 2025/10/11 — page 5 — #5

PLOS COMPLEX SYSTEMS The shape of waning vaccinal immunity

schemes. Both of which facilitate the waning from fully immune individuals, 𝜀(n) = 0, to fully
waned individuals 𝜀(1) = 𝜀0. The first is a simple exponential-like decelerating or accelerating
function where more waning happens early or late in the waning period (Fig 1B), i.e.

𝜀(i) = 𝜀0 (
n – i
n – 1

)
p
. (3)

The second scheme we use is a Hill-like function, to model ‘threshold’-like waning
(Fig 1C–1D), i.e.,

𝜀(i) = 𝜀0
(n – i)p

kp + (n – i)p
(k

p + (n – 1)p

(n – 1)p
) . (4)

Note that the factor ( k
p+(n–1)p
(n–1)p ) is so that 𝜀(1) = 𝜀0. The results that follow hold for any par-

ticular choice of n, increasing n simply divides the population proportions into smaller slices
but the beginning and endpoints of the waning process are still fixed.

Fig 1. (A) Illustrative schematic of population vaccination and immunity waning process. (B-D) depict possible varia-
tion in the 𝜀0, which is the relative susceptibility to infection in individuals with fully-waned vaccinal immunity. Note that,
here, the “degree of ‘waning’” is a measure of the number of compartments away from complete immunity, i.e. a degree
of ‘waning’ of 0 is when individuals are still in the Sn compartment, whereas a degree of ‘waning’ of 1 is when individuals
are in the S1 compartment. In all three of these panels (and beyond), n = 100. (B) Accelerating/decelerating waning when
p = 0.5, 1, 2. (C) Hill-like function for fixed k = 50 and p = 1, 3, 5. (D) Hill-like function fixed for p = 3 and k = 25, 50, 75.

https://doi.org/10.1371/journal.pcsy.0000071.g001
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Results and discussion
We begin by visualizingRinv over a variety of vaccination rates, waning rates, and over vari-
ous waning schemes. In Fig 2, we illustrate the dependence ofRinv on the duration of immu-
nity and vaccination rate. For a particular parameter pair, we see that changing the waning
scheme can dramatically alter the protection of a population. For example, a comparison of
the early and late waning schemes (Fig 2, comparing the top row and bottom row respec-
tively) for the same vaccination rate and duration of immunity, reveals that theRinv can be
more than four times greater if waning happens later. This is a massive difference, and has
important implications for population level pathogen prevention.

So far, we have assumed that the shape of waning immunity is exponential-like, and thus is
either concave-up or concave-down. In reality, waning is likely more complex, with changes
in concavity in the relative susceptibility to infection. To explore this, we use a Hill-like func-
tion to describe the shape of waning immunity. In Fig 3, we plotRinv (as in Fig 2), but we now
vary the two waning shape parameters of the Hill-like function. In particular, we find that as
p increases there is some increase inRinv. However, the fold change inRinv for a particular
change in p for a particular combination of 𝜈 and 𝜔 is larger if the relative susceptibility after
waning (𝜀0) is changed. This is due in part to each form of the Hill-like waning function ulti-
mately waning to 𝜀0 regardless of shape, so fully waned individuals are still contributing to
population level protection more if 𝜀0 is smaller. As such, these two parameters combine to
explain the protection experienced by the population. In Fig 3B, we adjust k instead, show-
ing it can also have a significant impact on the resultingRinv. As expected, we find that when
individuals lose their immunity earlier in the waning period (when k is smaller), the pop-
ulation is overall more susceptible, and thus theRinv is lower. (Note that this is akin to our
findings in Fig 2).

Fig 2.Rinv calculated for the combination of duration of immunity, vaccination rate, immunity remaining after
waning, and the shape parameter of the early/late waning function (Eq 3). Here we fix 𝜇 = 0.02.

https://doi.org/10.1371/journal.pcsy.0000071.g002

PLOS COMPLEX SYSTEMS https://doi.org/10.1371/journal.pcsy.0000071 October 14, 2025 6/ 14

https://doi.org/10.1371/journal.pcsy.0000071.g002
https://doi.org/10.1371/journal.pcsy.0000071


ID: pcsy.0000071 — 2025/10/11 — page 7 — #7

PLOS COMPLEX SYSTEMS The shape of waning vaccinal immunity

Fig 3.Rinv calculated for the combination of duration of immunity, vaccination rate, immunity remaining after wan-
ing, and the shape parameter of the waning function. In A) we fix k = 50, in B) p = 3. Similar to Fig 2, here we fix 𝜇 = 0.02.
In panels (A) and (B), we focus on varying p and k, respectively.

https://doi.org/10.1371/journal.pcsy.0000071.g003

In both situations that we have examined, it is clear that 𝜀0 and the shape of vaccinal wan-
ing can have a major effect on the resulting values ofRinv. Importantly, as more immunity
is preserved after the waning period (i.e., as 𝜀0 is decreased), the potential for progressively
largerRinv values becomes possible. Additionally, waning curves that preserve immunity
early in the waning process provide higher levels of population protection. Therefore, our
results illustrate the importance of including both the shape of waning and this endpoint level
of immunity in epidemiological models. In particular, such granularity enables more precise
predictions about theRinv for a particular population. Furthermore, increases in vaccina-
tion rates can alleviate pessimistic outcomes. Thus, quantifying the shape of waning vaccinal
immunity is paramount, especially for emerging broadly-protective vaccines.

In Fig 4, we illustrate the fold change inRinv for a particular shape parameter and rela-
tive susceptibility after waning for both shape functions. These changes are with respect to
a baseline assumption about the shape of the waning function, where 𝜀0 = 1 and p = 1 (e.g.
simple linear waning all the way to fully susceptible, see Fig 1B) for the simple accelerat-
ing/decelerating waning function or 𝜀0 = 1, p = 5, and k = 50 (e.g. a parameter set where p
and k both can exert control over the shape of the curve, see Fig 1C and 1D) for the Hill-like
function type waning.

We can again here see the importance of understanding how waning happens in an indi-
vidual. The change inRinv across the range of even this modest set of choices can be more
than double, or even result in a decrease in theRinv for a given choice compared to the base-
line. When we look specifically at threshold type waning, we see that the relative susceptibility
after waning (𝜀0) exerts much more control over this change than p. But when we allow k to
vary we can see a very large range of outcomes forRinv.

It is worth noting that differences in population immunity may simply be driven by dif-
ferences in the total immunity generated by a vaccine, represented by the area under the
waning curve. In Fig 5 we show the population level susceptibility for two different waning
curves with identical areas under them (Fig 5A). We then compute the difference between
the resulting community susceptibility in Fig 5B. From this it is clear that the linear waning
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Fig 4. Shows theRinv fold change with respect to a baseline waning shape where 𝜺0 = 0.75 for the (A) accelerat-
ing/decelerating waning function where the baseline is p = 1, or the (B) Hill-like function for fixed k = 50 or for (C)
fixed p = 3 where the baseline is k = 50 and p = 5. In each plotRinv fold change is calculated with respect to the baseline in
the center of the plot marked with a star. The other model parameters are held constant at 𝜇 = 0.02,𝜔 = 1, and 𝜈 = 1.

https://doi.org/10.1371/journal.pcsy.0000071.g004

function causes more susceptibility in the community compared to the step-wise waning, due
to more loss of immunity earlier in the waning process. Since individuals are re-vaccinated
randomly, delaying waning means that individuals have more immunity before they become
revaccinated on average. The magnitude of this effect increases as individuals become vacci-
nated more frequently (such that they are less likely to wane into the regime where the step-
wise waning results in them being more susceptible), and if the duration of vaccine derived
immunity is long.

The shape of the waning process clearly has large implications for the population level
dynamics, as the same exact vaccination rate and duration of immunity we can generate pop-
ulations withR0 up to four times another population’sR0. The only difference between these
two populations being the waning process. In particular, the amount of immunity that is lost
early in the waning period and the relative susceptibility after waning (𝜀0) matter significantly
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Fig 5. Different waning functions with the same area under the curve can have different population susceptibility.
A) Shows two different waning functions with the same area under the curve. B) Shows the difference in population sus-
ceptibility between the linear case and the step-wise case, for a range of vaccination parameters. The shading indicates the
amount of increased susceptibility in the linear waning case due to additional early waning.

https://doi.org/10.1371/journal.pcsy.0000071.g005

to population level susceptibility. As more immunity is preserved later into and after the
waning period, a population is comparatively much more protected. This improved protec-
tion is true for multiple forms of waning functions, showing that what matters is the host
susceptibility rather than any particular functional form.

Caveats and future work
To examine the effect of the shape of waning vaccinal immunity on community immunity,
our modelling framework has many simplifying assumptions, and we have omitted other
important characteristic. Furthemore, and perhaps most importantly, we have ignored epi-
demiological dynamics and focused on community immunity. However, in the absence of
such protection, pathogen invasion would be possible, and it would be particularly salient
to explore the resulting medium- and long-term dynamics in our model. Classical work has
shown that sustained epidemiological oscillations can occur if there are more than two fully
immune compartments in an SIRS-like model [40]. Thus, our model may also exhibit such
periodicity, and investigating this possibility would be important to guide vaccination policies
for ongoing epidemics.

Second, our model assumes that individuals are vaccinated randomly. However, non-
random vaccination, e.g., vaccinating individuals who have gone the longest without receiv-
ing a vaccination, could cause increases inRinv. Furthermore, heterogeneities in vaccine
uptake, or in age structure [41] or transmission [42,43], could also affectRinv. For example,
May and Anderson [44] examined the effect of heterogeneities in space on optimal vaccina-
tion. Furthermore, both the duration and the shape of waning vaccinal immunity may them-
selves be age-dependent. Thus, the interplay of these factors with the shape of waning vaccinal
immunity are important areas for future research.

Third, we have focused on transmission-blocking immunity, but clinical severity of infec-
tions as vaccinal immunity wanes may be epidemiologically important, and may crucially
shape policy. Relatedly, we have ignored the economics of vaccination in our model. How-
ever, these will likely hinge on clinical severity, and can affect decision-making regard-
ing vaccine development and deployment [22,45]. Thus, extending our model to include
clinical immunity in addition to economic considerations would be fruitful avenues to
explore.
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Our model does not consider the stochastic dynamics of epidemics, which are likely to
be particularly important in low case counts and elimination settings. It would be useful to
develop a stochastic extension of our model to understand how larger and more frequent
outbreaks may occur in populations near Rinv = 1. Further extensions could also incorporate
additional factors for disease control [46], including socio-epidemiological factors including
individual decision making [47,48].

Additionally, social dynamics and adherence to (pharmaceutical or nonpharmaceutical)
interventions can influence pathogen dynamics, and vice-versa (see e.g. [47,49,50]). Fur-
thermore, vaccine hesitancy and refusal may shape population susceptibility [51,52]. For
example, the synergistic effects of multiple family members being vaccinated together or
social groups refusing vaccines can be important factors for pathogen control via community
immunity.

Finally, while social dynamics could potentially complicate vaccination strategies, our
model could also be adapted to incorporate other biological features, such as maternal immu-
nity or explicit vaccinal cross-immunity. For example, maternal antibodies present in infants
could be key for elimination of certain pathogens, and these wane over time [53]. Addition-
ally, our framework could be adapted to examine strain-specific cross-protection, which is key
for understanding how UIVs may be employed [21–26].

Conclusion
In the midst of the current circulation of H5N1 in cattle, the general pandemic risk of
influenza viruses has been underlined. In parallel, current circulation of SARS-CoV-2, and
the continued emergence of new variants, highlights the importance of community immu-
nity. To prevent pathogen invasion, such protection hinges on the characteristics of vaccinal
immunity, which include duration, strength (i.e. relative susceptibility after waning is com-
plete), and how vaccinal immunity is lost. In this paper, we developed a modeling framework
to investigate the interplay between the shape of waning vaccinal immunity with buffered sus-
ceptibility. For general vaccination and waning schemes, we analytically computed theR0

pathogens would require for successful invasion. We then examined multiple potential wan-
ing functions, and we showed that the relative susceptibility of a fully-waned host is a crucial
determinant of invasion potential. Furthermore, we illustrated that a simple change regarding
how much immunity wanes early after infection versus later in the waning period could result
in more than four times the population-level protection.

Overall, our work highlights the importance of a potential Global Immunological Obser-
vatory [54–56] and large cohort studies [57] to determine the trajectory of waning and the
relative susceptibility of infection of fully-waned individuals for a number of emerging and
circulating pathogens, which echoes Saad-Roy, Wagner et al. [4]. Furthermore, these data
would be particularly relevant in the context of the development and deployment of pan-
coronavirus/pan-sarbecovirus vaccines, in addition to broadly-protective influenza vaccines,
and could inform policy on repeat vaccinations.

Supporting information
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