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ABSTRACT

In the effort to control SARS-CoV-2 transmission, public health agencies in the United States and glob-
ally are aiming to increase population immunity. Immunity through vaccination and acquired following
recovery from natural infection are the two means to build up population immunity, with vaccination
being the safe pathway. However, measuring the contribution to population immunity from vaccination
or natural infection is non-trivial. Historical COVID-19 case counts and vaccine coverage are necessary
information but are not sufficient to approximate population immunity. Here, we consider the nuances
of measuring each and propose an analytical framework for integrating the necessary data on cumulative
vaccinations and natural infections at the state and national level. To guide vaccine roll-out and other
aspects of control over the coming months, we recommend analytics that combine vaccine coverage with
local (e.g. county-level) history of case reports and adjustment for waning antibodies to establish local
estimates of population immunity. To do so, the strategic use of minimally-biased serology surveys in-
tegrated with vaccine administration data can improve estimates of the aggregate level of immunity to

guide data-driven decisions to re-open safely and prioritize vaccination efforts.

© 2021 Elsevier Inc. All rights reserved.

Quelling community transmission of SARS-CoV-2 while facili-
tating a return to social and economic normalcy requires build-
ing up to population immunity.[1] Epidemiological theory pro-
vides a basis for calculating a target for population immunity, sug-
gesting we will need to reach, if not exceed,70%-80% protection
against infection to curb sustained transmission. But how do we
measure progress towards that threshold? Immunity to SARS-CoV-
2 infection arises in two basic ways - through natural infection
and through vaccination. Natural infection is perilous; for exam-
ple, large-scale transmission in the United States could still lead to
tens of millions of infections and hundreds of thousands of fatali-
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ties. Vaccination provides the safer route. In the United States, as
of August 23, 2021 approximately 73% of all adults have received
at least one vaccine dose. Estimates of cumulative incidence from
natural infection vary, but likely upwards of 30% of the U.S. pop-
ulation has been infected. However, these values taken together
should not indicate that the United States has ~100% protection
against infection. Likewise, the fact that ~50% of all adults had re-
ceived at least one dose as of April 20, 2021 should not indicate
that the United States had ~80% protection against infection a few
months ago.

Developing an estimate of progress towards herd immunity in-
volves, in theory, enumerating people who have experienced and
survived natural infection, have been vaccinated, or both. But, in
practice, limitations in available data on cumulative incidence, un-
certainties about the durability of protection conferred by either
natural infection or vaccination (against circulating variants), and
lack of systematic data on how many people have been vacci-
nated who were already naturally infected complicate develop-
ing a confident estimate of our progress toward exceeding herd
immunity thresholds of population-level immunity. Here we pro-
pose a framework to combine natural infection data, accounting for
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Fig 1. Paths to population immunity through recovery from natural infection
and vaccination.Population immunity as a combined function of fraction recovered
(x) and fraction vaccinated (y). The heat map (with contours) denotes the estimated
fraction of the population that is likely immune to severe infection (f = x + (1-x)*y).
Contour lines denote equivalent levels of population level immunity, f. Vaccination
initiatives that start with an estimated 30% of population recovered (estimated via
serosurveys when accounting for seroreversion) reach 80% population level immu-
nity given an intensive campaign (green; 2/3 vaccinated, 10% more infected); inter-
mediate campaign (yellow; 1/2 vaccinated, 30% more infected), and an incomplete
campaign (red; 1/4 vaccinated, 43% more infected). Estimated fatalities associated
with start of vaccination campaign and after reaching target population level im-
munity, albeit with different coverage (fatalities are scaled with the increase in in-
fected population for each scenario). A dashboard estimating population immunity
amongst US states is available at https://popimmunity.biosci.gatech.edu. (For inter-
pretation of the references to colour in their figure legend, the reader is referred to
the web version of this article.)

waning antibodies (which is not synonymous with waning immu-
nity), with vaccine coverage data by race/ethnicity and other key
demographics, to monitor movement towards population-level im-
munity overall and in key groups (Fig. 1). Such data being publicly
available and/or integrated into such a framework by public health
agencies is needed to allow up-to-date assessment of population-
level immunity.

First, there still remains considerable uncertainty regarding how
many people have been infected with SARS-CoV-2. A substantial
number of infected individuals do not seek care or get tested and
the proportion of cases that are diagnosed has changed over time
as testing became more accessible. In addition, COVID-19 cases
only represent a fraction of infections, because many are asymp-
tomatic.[2] Even this diagnosed fraction likely changed over time
as different age groups were affected, with children much more
likely to be asymptomatic (and undiagnosed) than older adults.
For these reasons, sero-epidemiological studies are a valuable tool
to calculate the proportion of the population who have been in-
fected.[3] In reality, however, these studies estimate the current
prevalence of antibodies in the population. For some pathogens,
antibodies are persistent for years or decades and are therefore an
effective proxy for previous infection and/or immunity, but the sit-
uation is more complicated for SARS-CoV-2.

Relatedly, antibodies to SARS-CoV-2 wane below detectable lev-
els at a time-scale of multiple months [4,5] so seroprevalence stud-
ies, no matter how well conducted, will underestimate the propor-
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tion of the population who have recovered from infection. The de-
gree of underestimation will depend on the rate that antibodies
decline, the assay characteristics, when the serology study was per-
formed and the historical infection patterns in the population sur-
veyed. Consider, for example, two distinct communities that suf-
fered similarly-sized outbreaks: one in March 2020 and the other
in December 2020. After a few months antibodies wane and be-
come undetectable for a substantial part of the previously-infected
population,[5] a serosurvey conducted in February 2021 would
show lower prevalence in community A than B, despite a simi-
lar number of cumulative infections. This issue is of practical con-
cern; seroprevalence declined throughout Summer and Fall 2020 in
New York City, Connecticut and other places that had widespread
outbreaks in Spring 2020 and low-incidence summers. To account
for the influence of waning on seroprevalence estimates of disease
burden, we have developed a statistical method to calculate cu-
mulative incidence from seroprevalence that accounts for antibody
waning.[6] This method estimates how many people have been
infected to date, which can be substantially higher than the ob-
served cross-sectional seroprevalence. We can expect the gap be-
tween seroprevalence and cumulative incidence to widen as the
time since infection grows.

Of course, one really wants to know the level of population im-
munity, not just how many have been infected. Importantly for
population serological studies, nearly all individuals infected with
SARS-CoV-2 produce detectable antibodies.[7] Observational data
are emerging that show strong protection for those with anti-spike
IgG antibodies, [8] a finding consistent with laboratory studies that
find antibody binding correlates strongly with neutralization ac-
tivity.[9] Fortunately, even when antibodies to SARS-CoV-2 wane
below detectable levels, a person may still be immune to infec-
tion and/or disease through cellular immunity. T cell immunity,
which may play a key role in medium- to long-term protection
and memory B cells that may generate rapid antibody response
upon re-exposure are not measured by serological testing alone.
And, while the duration of protection remains unknown, the dura-
tion seems likely to be substantially longer than a pessimistic sce-
nario based on antibody waning alone.[8] If immune-escape vari-
ants become widespread, the correlation between seroprevalence
and population immunity will be diminished. These issues require
further study and ongoing assessment of the spread of variants and
cross-protection. But, it is clear that loss of detectable antibodies
does not equate to loss of immunity since cellular immunity per-
sists following the decay of antibodies.

Vaccination is being implemented amidst this dynamic back-
drop of population immunity from natural infection. Vaccination
has the potential to confer immunity to the susceptible popula-
tion and, depending on the rate of roll-out, can rapidly increase
population immunity. This is illustrated in the Figure; high levels
of immunity (yellow contours) occur through combinations of re-
covery natural infection and vaccine coverage. The model offers a
simple framework for combining immunity from natural infection
and vaccination. To estimate population immunity, we first calcu-
late a proportion susceptible to severe infection (g), as a function
of the proportion recovered from natural infection (x) and the pro-
portion vaccinated (y) such that g = (1-x)*(1-y). This formula can
be interpreted as the fraction of the population that was neither
previously infected nor vaccinated. Hence, the proportion of the
population (f) that is unlikely to be susceptible to severe infec-
tion is 1-g or f = 1-(1-x)*(1-y). This can be reduced to f = x+(1-
x)y. This formula assumes that vaccination is independent of nat-
ural infection. If previously infected people are more likely to get
vaccinated, this formula overestimates immunity and if susceptible
people are more likely to get vaccinated, this formula underesti-
mates immunity. We assume a two-week delay to recognize that
immunity is not acquired instantaneously upon infection and the
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complete dose(s) of vaccination. Assuming 30% of the population
had recovered at the time of vaccine introduction, we highlight
three pathways to 80% immunity in the population: intensive, in-
termediate and incomplete campaigns, the latter two of which re-
quire more natural infection (and resulting illness and death) to
arrive at high levels of immunity.

It should also be noted that the population immunity thresh-
old (i..e., ‘herd immunity’) is a rough estimate and can change. The
population immunity threshold is calculated, in the simplest sense
as 1-1/Rg, assuming a reproduction number Ry of 5; perfect life-
long immunity and homogenous risk across the population. In re-
ality, each of these factors is more nuanced. Ry is not a fixed, bio-
logical value. Rather, the reproduction number will decrease when
NPIs, such as masking, are practiced and rise again when they are
relaxed. Second, immunity to SARS-CoV-2 is clearly not perfect nor
life long, as reinfections have been documented. Third, and perhaps
most importantly, the herd immunity threshold may be affected
by new variants in two ways. More transmissible variants such as
Delta have higher Ry-s. And, immune escape variants reduce the
proportion of the population who are effectively immune. Age is
another important factor that, for the sake of simplicity, is not for-
mally accounted for in our visualization. But, immunity in all age
groups contribute to population immunity. About 15% of the US
population are under the age of 12 years and therefore currently
age-ineligible for vaccination, highlighting how critical it will be
to achieve high coverage in the rest of the population, including
adolescent and young adults who are at much lower risk of severe
disease but can nonetheless be infected and transmit to individuals
at higher risk of severe disease.

Note that we utilize the term ‘population immunity’ to denote
the fraction of the population that is not immunologically naive,
due either to prior infections or to vaccinations. This fraction of
the population is expected to have significantly reduced risk of se-
vere infection. We recognize that the term herd immunity gener-
ally refers to a critical point at which susceptible depletion leads
to a reduction in expected transmission rate. Observational studies
have shown that mRNA vaccines reduce risk of infection in addi-
tion to risks of severe disease,[8] suggesting that mRNA vaccines
include both direct and indirect benefits.[10]

An additional complexity in our framework that some individu-
als have received only a single dose of the 2-dose mRNA vaccines,
some of whom will not go onto receive their second dose. The on-
line version of the framework (https://popimmunity.biosci.gatech.
edu) calculates immunity for the population having received at
least one dose or fully vaccinated. Both mRNA vaccines used in the
US confer slightly lower protection (VE = 82%; 95% Cl = 74%-87%)
for one dose compared to a full-course (VE = 94%; 95% Cl = 87%-
97%).[11] These real-world vaccine effectiveness estimates are simi-
lar to vaccine efficacy from the pivotal trials.[12,13] Vaccine protec-
tion is not immediate. Rather, substantial protection begins about
10 days post dose 1, with full protection about 14 days post dose
2. As a result, there will be meaningful lags between the num-
ber vaccinated and the number immune. Since all current vac-
cines elicit a response to the SARS-CoV-2 spike protein, seropreva-
lence to anti-spike IgG also rises against a backdrop of seropreva-
lence that is falling as a result of waning antibodies. A bump in
seroprevalence following roll out is likely an indication of vaccine-
induced immunity, but it should be interpreted in the context of
declining infection-induced seroprevalence in this population. Pop-
ulations that had more recent outbreaks may not be in the midst
of declining seroprevalence when vaccines are introduced.

A critical issue in interpreting post-vaccination serology studies
and understanding vaccine impact is the distribution of vaccines.
If random, previously infected and uninfected would be equally
likely to be vaccinated. Perhaps it would be ideal to first vaccinate
immunologically-susceptible people. Given limited vaccination ca-
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pacity, such an approach would be more efficient than vaccinat-
ing those already protected, but we lack the capacity to identify
immune individuals though individual serological testing prior to
vaccination. Indeed, vaccination has not been administered evenly
or equitably through the population, with white populations vac-
cinated at higher levels compared to Black and Hispanic popula-
tions.[14] Conversely, Black, Hispanic, Native American and Native
Hawaiian and Pacific Islander populations were disproportionately
infected in the early stages of the US outbreak. Other socioeco-
nomic factors have also driven inequalities in susceptibility to ex-
posure to transmission and vaccine accessibility. With unequal ex-
posure to natural infection followed by unequal distribution of vac-
cines across population groups, measuring population immunity
will be complex, and serology studies will require nuanced inter-
pretation and careful integration with vaccination data. To facilitate
further research and allow measuring of herd immunity in impor-
tant subgroups, public health agencies both in the United States
and globally should make time series data on COVID-19 cases,
deaths, and vaccine coverage stratified by age, race/ethnicity, and
geography publicly available.

Historical COVID-19 case counts and vaccine coverage are nec-
essary information but are not sufficient to approximate popula-
tion immunity. While we often refer to a country or state’s epi-
demic, transmission is local, and, to a large extent, so is population
immunity. Accordingly, to guide vaccine roll-out and other aspects
of control over the coming months, we recommend analytics that
combine vaccine coverage with local (e.g. county-level) history of
case reports and adjustment for waning antibodies to gain local
estimates of population immunity. To do so, the strategic use of
minimally-biased serology surveys integrated with vaccine distri-
bution data can improve estimates of the aggregate level of im-
munity to guide data-driven decisions to re-open safely and pri-
oritize vaccination efforts. Specifically, we recommend population-
based, cross-sectional serological studies that cover the age range,
with sufficient sampling to produce reliable estimates by age and
race. Such high quality studies can supplement ongoing, conve-
nient sampling conducted by the CDC.[15] To isolate the contribu-
tion of natural infection these studies should test for nucleocapsid
antibodies, which are not produced by vaccination. If deployed at
scale, these data can enhance the speed at which vaccination com-
plements pre-existing immunity to reduce the risk of transmission
for all.
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