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SUMMARY

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its associated dis-
ease, coronavirus disease 2019 (COVID-19), has caused a devastating pandemic worldwide. Here, we explain
basic concepts underlying the transition from an epidemic to an endemic state, where a pathogen is stably
maintained in a population. We discuss how the number of infections and the severity of disease change in
the transition from the epidemic to the endemic phase and consider the implications of this transition in the

context of COVID-19.

BASIC CONCEPTS OF EPIDEMIC AND ENDEMIC
DISEASES

An epidemic refers to the rapid spread of a pathogen in a pop-
ulation, while the endemic state refers to the stable mainte-
nance of the pathogen, typically at a lower prevalence.
When a new virus emerges into a human population, it can
ignite an epidemic. The virus can be introduced from a
different part of the world (e.g., viruses brought by the con-
quistadors to the Americas), or it can be a newly emerged
zoonosis (e.g., Ebola virus or severe acute respiratory syn-
drome coronavirus 2 [SARS-CoV-2]). If the virus spreads
worldwide, then the epidemic is a pandemic. An epidemic
requires the basic reproductive number of the virus, Ry,
which equals the typical number of secondary infections pro-
duced by each infected individual when the population is
completely susceptible, to be greater than one. The number
of infections grows exponentially. The exponential growth
phase cannot last for very long, as the virus runs out of sus-
ceptible individuals: infected individuals recover and are, at
least temporarily, immune to infection. Thus, as the epidemic
progresses, the effective reproductive number, R, for the
infection falls. The epidemic subsides, and the number of in-
fected individuals can fall to very low levels. The epidemic
can fade out (i.e., the virus can go extinct) if the population
is below a critical size, as is frequently the case for epidemics
in island populations.

If the virus does not go extinct, it can persist for an extended
period of time at a lower prevalence than at the peak of the
epidemic. The latter is the endemic phase. The Rgs on average
equals one during this phase. The endemic phase is character-
ized by a dynamic equilibrium where susceptible individuals
arise by birth, by immigration, or by waning of immunity in previ-
ously immune individuals. In addition, seasonal fluctuations in
transmission can result in oscillations in the number of infections.
Figure 1A shows how the number of infections changes during
the transition from epidemic to endemic phase. Importantly,
the efficacy of the immune response to an infection is central
to shaping the endemic phase.
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Will SARS-CoV-2 die out after the current epidemic phase, or
will it persist in an endemic state? How do we expect the number
of infections (prevalence) and the severity of disease to change
as we transition to endemicity? How will prevalence and severity
be affected by vaccination? Understanding the transition from
epidemic to endemicity and how it is affected by vaccination re-
quires taking into account that protection against reinfection and
protection against disease wane at different rates.

MEASURES OF IMMUNE EFFICACY

The notion of immune protection is frequently associated with in-
fections (or vaccination) that generate lifelong protection from
infection and disease. This view of immune protection does not
effectively describe the immunology and epidemiology of coro-
naviruses (CoVs), where immunity gradually wanes, and individ-
uals get reinfected (Box 1). For these viruses, we need a more
nuanced understanding of how an individual’s immunity affects
different aspects of protection, and how this immunity wanes.
Based on concepts developed for vaccine efficacy, the immune
efficacy generated by infection or vaccination has three com-
ponents:

® Immunity can reduce susceptibility to infection. This
reduction is termed |Es, and it describes how immunity re-
duces the probability of infection. IEg takes values be-
tween 0 and 1, with 0 corresponding to no reduction in sus-
ceptibility and thus no protection, and 1 corresponding to
perfect protection from infection (sometimes called steril-
izing immunity), where the individual cannot get infected.

® Immunity can reduce infectiousness. This reduction is
termed IE,, and it describes the extent to which those
who do get infected (because IEg < 1) are less infectious
for others. IE, takes values between 0 and 1, with 0 corre-
sponding to no reduction in infectiousness, and 1 corre-
sponding to complete blocking of transmission from the in-
fected individual.

® Immunity can reduce pathology. Pathology can be defined
variously, from getting symptoms to death of the infected
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Box 1. Characteristics of immunity to coronavirus
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An important characteristic of coronaviruses in general (and likely
SARS-CoV-2, in particular) is that immunity to these viruses
gradually wanes, so individuals can get reinfected — potentially
every few years. This is in contrast with infections such as
measles, where infection and vaccination likely induce life-long
immunity that blocks transmission of the virus from immune
individuals. Life-long transmission-blocking immunity greatly
simplifies epidemiological models for the spread of infections,
particularly during the endemic phase. Our current understanding
of herd immunity and the effect of vaccination pertains to viruses
such as measles. Herd immunity describes the collective
immunological status of a population of hosts, as opposed to an
individual host, with respect to a given pathogen. Herd immunity
of a population can be high if a large fraction of the population has
acquired immunity (by vaccination or infection) that prevents
these individuals from transmitting the virus. If transmission-
blocking immunity gradually wanes, as is the case for
coronaviruses, herd immunity will be transient. Describing what
happens during the endemic phase for these infections requires
integrating our understanding of the within-host dynamics of
infection and immunity with epidemiology.

Coronaviruses are single-stranded positive-sense RNA viruses.
Human coronaviruses (hCoVs) are transmitted by the respiratory
route, and most virus replication occurs in the upper and lower
respiratory tract. The age of first infection of hCoVs is low —by age
4, most children have turned seropositive for immunoglobulin G
antibodies to hCoVs. These primary infections of children typically
cause mild disease that often looks like the common cold.
Infection with a given coronavirus strain elicits both antibody and
T cell immunity, which peaks after infection and provides transient
protection from reinfection from the same strain when antibody
levels are high. A number of studies have shown frequent natural
reinfections with hCoVs, as measured by detection of viral RNA or
observation of serospikes induced by infection. The loss of
protection against reinfection has also been confirmed by
experimental infection of volunteers. Collectively, these studies
indicate that shortly after infection, individuals are refractory to
reinfection, but this protection wanes with time, and individuals
can get reinfected with circulating hCoVs every few years.

individual. This is termed IEp, and it describes how immu-
nity prior to infection affects the extent of pathology during
the course of reinfection. |IEp takes values between 0 and 1,
with 0 corresponding to no reduction in pathology, and 1
corresponding to a mild or asymptomatic infection.

We also note that while the measures of immune efficacy
typically take values between 0 and 1, in rare cases they can
have negative values. Negative values of the components of im-
mune efficacy correspond to scenarios where prior immunity has
a detrimental effect. This has been suggested for the case of
antibody-dependent enhancement of dengue infections, where
prior immunity can, in some circumstances, exacerbate the
severity of subsequent infections with different strains of dengue
(IEp < 0).

For infections such as measles, which likely generate lifelong
sterilizing immunity, IEs = 1 for the lifetime of the individual,
and consequently, IE; and IEp can largely be ignored, and a sim-
ple binary view of immunity is sufficient for modeling the epide-
miology of measles. In contrast, immunity to CoVs wanes over
time, and we need to consider how the waning of immunity re-
lates to changes in IEg, IE;, and IEp.

The magnitude of these three components of immune efficacy
depends on the levels of antibody and T cell immunity in an indi-
vidual and typically wanes as the levels of antibody and T cells
wane. High levels of immunity are required to prevent individuals
from getting infected (sterilizing immunity). If there is insufficient
immunity to prevent infection, partial immunity can nonetheless
allow the individual to mount a more rapid response, which typi-
cally results in more rapid control of the infection, and conse-
quently lowers transmission and pathology. Thus, as the level
of immunity decays, we expect IEg to wane faster than IE, and
IEp as shown in Figure 1B.

The course of infection, the functioning of the immune system,
and the extent of pathology typically depend strongly on age.

Consequently, the demographics of the population and the
age at which individuals get their first infection play an important
role in determining the burden of disease in the population.

WANING OF IMMUNITY AND PROTECTION

The decrease in levels of antibody and T cells after infection or
immunization results in the waning of the different components
of immune protection (the IEs). For infections that don’t
generate lifelong immunity, we do not have quantitative mea-
surements of the magnitude of the different components of im-
mune efficacy after infection and vaccination and how they
change over time. Below we discuss what we know about
the qualitative features of the different measures of immune ef-
ficacy, first for the endemic human CoVs (hCoVs) and then for
SARS-CoV-2.

Qualitatively, immunity to hCoVs in adults gives rise to tran-
sient protection from infection (indicating high IEg after infection
that wanes over a few years). Epidemiological calculations sug-
gest that hCoV reinfections result in substantial virus transmis-
sion from infected individuals, suggesting intermediate levels
of IE,. Less is known about IEp. All the infections observed are
mild—we do not know whether the disease is inherently mild in
individuals of all ages, or whether prior immunity elicited by
mild primary infections during childhood reduces the severity
of infections in adults. In other words, we do not know whether
hCoVs would cause severe primary infections in adults, as all
adults have had prior exposure to the virus in childhood. How-
ever, it is likely that primary infections with currently circulating
hCoVs would cause severe disease in older individuals. Histori-
cal records indicate that OC43, one of the currently circulating
hCoVs, probably caused the so-called Russian Flu epidemic in
1889-1890. The disease was severe in adults during the
epidemic but subsequently became mild. What is not known is
the extent to which the reduction in disease severity, particularly
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Figure 1. Prevalence of infection and impact
of immune efficacy in endemicity

(A) Changes in number of infections during the
transition between epidemic and endemic phase in
the absence of interventions or virus evolution. The
number of infected individuals peaks during the
epidemic phase. If the epidemic does not fade out,
then the virus can reach an endemic phase with a
much lower number of infections.

(B) Different measures of immune efficacy (IE) are
expected to decrease over time. IEs, |IEp, and IE;

Time (years)

Time after infection (years)

el describe how immunity reduces susceptibility to
infection, pathology, and infectiousness of infected

in adults, was due to prior immunity acquired from infections in
childhood, or due to virus evolution.

For SARS-CoV-2, recent studies indicate that both natural,
and to a greater extent vaccine-induced, immunity result in
high levels of all components of immune efficacy —individuals
are well protected shortly after infection or vaccination. Direct
measurements of SARS-CoV-2-specific antibody and T cell
levels show that these levels decrease over time. Epidemiolog-
ical studies document reinfections but suggest that these are
milder than primary infections. These observations suggest
that infection-blocking immunity (IEs) wanes faster than dis-
ease-reducing immunity (IEp).

DISEASE PREVALENCE AND SEVERITY DURING THE
TRANSITION FROM THE EPIDEMIC TO THE
ENDEMIC PHASE

The transition from epidemic to endemic phase is associated
with many changes as the levels of effective immunity build
within the population. These include a change in the number of
infected individuals (the prevalence of infection), the age-distri-
bution of primary infections and reinfections, and the severity
of disease in infected individuals. Here, we emphasize that the
susceptibility of individuals to infection (IEs) and the severity of
their pathology (IEp) can be separated and depend on the level
of the individuals’ immunity with changes over time. This is
important because the potential of severe disease upon infection
shapes public perception of the infection itself and drives medi-
cal and policy decisions.

In this section, we will discuss both the severity of disease in in-
dividuals who get infected and the disease burden, which is the
total number of sick people in the population. We use the infection
fatality rate (IFR, the fraction of infections that result in death) as a
surrogate measure for the severity of infections. For simplicity of
explanation, here we will use both terms interchangeably. We first
consider disease prevalence during the transition from the
epidemic to the endemic phase, and then how disease severity
changes during this transition, focusing on how the outcome de-
pends on the level of an individuals’ immunity.

During the epidemic phase, the large number of susceptible
individuals results in a high prevalence of infections at the peak.
As susceptible individuals are depleted, the epidemic subsides,
and over time, there is a transition to an endemic phase. The
change from epidemic to endemic phase is thus characterized
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individuals, respectively. In the region of mild
boosting, individuals can become reinfected
(because |IEg has waned), but these reinfections will
be mild (because IEp is still high).

by a dramatic reduction in the prevalence of infection. This
decrease is not monotonic, and there are typically several
waves of infection. The timing and magnitude of these waves
are affected by the imposition and release of non-pharmaceu-
tical interventions (such as travel restrictions and the use of
masks), as well as virus evolution resulting in increased trans-
missibility and intrinsic seasonality in transmission. This was
seen in the multiple waves of the SARS-CoV-2 pandemic,
which occurred at different times in different parts of the world
(e.g., UK, Brazil, India, and the US), and virus evolution leading
to increased transmissibility, particularly of the delta variant of
SARS-CoV-2. Multiple waves of infection were also seen during
the 1918 H1N1 influenza pandemic. How long it will take for
SARS-CoV-2 to reach an endemic phase depends on factors
such as the virus’s Ry, the extent of vaccination, and how
fast immunity wanes. These factors will also affect the preva-
lence of SARS-CoV-2 in the endemic phase, with lower Rq
and slower waning of immunity leading to a lower prevalence
of infections.

During the epidemic phase, virtually all infections are primary
infections. The distribution of infections, assuming equal expo-
sure to infection across age-groups, follows the age distribution
of the population. The relative contribution of each age class to
the disease burden equals the product of the age distribution
of individuals in the population and the age-dependent disease
severity. For virtually all infections, how sick you get depends
on how old you are and on your level of immunity. In general,
there are two patterns for the age-dependence of the severity
of primary infections (see Figure 2A). In the first pattern, the dis-
ease is mild in the young, and the IFR increases monotonically
with age. This pattern is observed for SARS-CoV-1, the first co-
ronavirus associated with SARS that emerged in 2003, and
SARS-CoV-2. In the second pattern, the disease is mildest at
intermediate age (typically young adolescent individuals) and
is more severe in the very young and in older individuals.
This pattern is observed for measles, smallpox, and also in the
coronavirus that causes the Middle East Respiratory Syn-
drome (MERS).

To quantify disease severity during the endemic phase, we
need to consider the severity of both primary infections and re-
infections. During the endemic phase, most primary infections
happen in children, as shown in Figure 2B. Consequently, if pri-
mary infections are mild in children and severe only in the old,
then primary infections will not contribute substantially to
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Figure 2. Different patterns for the severity
of primary infections (IFR) of emerging
coronaviruses might be expected to affect
the prevalence of infections and disease
severity if these viruses were to become
endemic

For all three infections (SARS-CoV-1, SARS-CoV-
2, and MERS), we assume that primary infections
provide protection from severe disease following
reinfection.
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primary infections. During the initial epidemic
phase, infections occur in all age groups, while
during the endemic phase, primary infections occur
predominantly in children (dashed line).
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10 to the endemic phase. We illustrate how we might
expect the severity of SARS-CoV-2, SARS-CoV-1,
and MERS might change if they were to become

disease severity and disease burden. We expect this to be the
case for SARS-CoV-1 and SARS-CoV-2 (see Figure 2C). On the
other hand, if disease severity is higher in very young
individuals, as is the case for respiratory syncytial virus and
MERS, a shift of primary infections to this age group will result
in an increase in the number of severe primary cases. We
expect this would occur were MERS to become endemic
(see Figure 2C).

We also need to consider the severity of disease following
reinfection. To do so, we need to know the distribution in the
level of immunity in the population, and how immunity affects
disease (i.e., |IEp). If IEp is high and long-lasting, i.e., if primary
infections give rise to long-term protection from pathology,
then primary infections are the only ones that can lead to se-
vere disease, and reinfections will be mild. If this is the case
for SARS-CoV-2, we would expect the disease to be mild in
the population at large because individuals get mild primary in-
fections in childhood, which generate sufficient immunity to
prevent severe disease when these individuals get reinfected
as adults.

This is not the only way for SARS-CoV-2 to be generally mild
in the endemic phase. If both IEp and |IEg wane at similar rates
over time, reinfections can be severe. The severity of reinfec-
tions depends on the relative rates of waning of IEs and IEp
and on the extent of virus transmission in the population. For
example, if protection from pathology lasts longer than the
time between reinfections, then reinfections will mostly be
mild and will also boost immunity (see Figure 1B). If this is
the case for SARS-CoV-2, we would expect disease to be
mild in the endemic phase. In this optimistic scenario, during
the endemic phase, transmission would be large enough that
breakthrough cases would be frequent but mild. However,
this generally mild outcome may not be obtained if the extent

endemic in the human population. The average
severity of disease during the endemic stage de-
pends principally on the severity of primary in-
fections of children.

of transmission is sufficiently low during the endemic phase,
so that while there would be fewer infections, these would be
severe if protection against pathology wanes before reinfection
typically occurs. We hope this latter situation will not occur for
SARS-CoV-2.

IMPLICATIONS FOR VACCINATION

Vaccination remains the preferable way to deal with most infec-
tious diseases. Indeed, for SARS-CoV-2, vaccination during the
epidemic phase is essential to reduce disease burden, particu-
larly in older individuals and those with underlying risk factors.
Vaccination has both direct and indirect effects. The direct effect
is the reduction in the susceptibility, infectiousness, and pathol-
ogy in the vaccinated individual. The indirect or herd immunity ef-
fect is the reduction in the probability that a susceptible (unvac-
cinated) individual will become infected per unit time. When
vaccination leads to long-lasting transmission-blocking immu-
nity (as is the case for measles, chickenpox, and rubella), then
childhood vaccination can help reduce the spread of the disease
in the population enough to locally eliminate the virus from the
population. The reduction in transmission can increase the age
of primary infection for unvaccinated individuals, which can
have an adverse effect by increasing the average age of first
infection and potentially the severity of disease. Because vacci-
nation against SARS-CoV-2, like natural infections, is not likely to
produce long-lasting transmission-blocking immunity, vaccina-
tion can only generate transient herd immunity. This makes
SARS-CoV-2 eradication unlikely, and endemicity the likely
long-term outcome.

We need to address a number of questions in order to under-
stand how vaccination can optimally facilitate the transition of
SARS-CoV-2 to endemicity. Clearly, vaccination is the best
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way to reduce the disease burden of SARS-CoV-2. Because dis-
ease is mild in young children and severe in the old, vaccination
of older individuals should be prioritized. While we have
measured how the levels of immunity wane after natural primary
infections as well as vaccination, there is more uncertainty on
how these correlate with the different measures of IEs and how
the IEs change for new virus variants. For benign endemicity, it
is more important that prior immunity provides protection
against pathology (high IEp) rather than protection against infec-
tion (high IEg). It will be important to know how the breadth of
protection against new virus variants differs after vaccination
versus natural infection. We also need to determine whether mul-
tiple infections or vaccinations are needed to generate long-last-
ing protection against pathology, and whether this depends on
the age of the individual.

Benign endemicity requires mild infections of children. We
need to monitor whether, as the virus evolves, it continues to
cause relatively mild infections in children. Ongoing vigilance
and studies will be needed.

RECAP

Emerging infectious pathogens can ignite large epidemics or
pandemics as infections spread exponentially through a naive
population. Epidemics can fade or transition to an endemic
phase. A disease is endemic when there is a relatively stable
number of infections in the population. The buildup of immunity
in the population leads to a decline in the number of infections
and a transition to an endemic phase. If immunity provides life-
long protection from infection, then widespread vaccination
can generate sufficient herd immunity to allow for elimination.
If, however, immunity wanes over time, then endemicity is the
more likely outcome. When an infection becomes endemic, there
are different ways in which immunity provides protection without
eliminating the virus from the population, such as by a reduction
in susceptibility to infection (IEs) or by a reduction in pathology
(IEp). In the case of viruses against which infection does not
generate life-long immunity, including SARS-CoV-2, it will be
important to understand how these different aspects of protec-
tion wane with time and how they are boosted by natural infec-
tion and vaccination.
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