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Background. Reported coronavirus disease 2019 (COVID-19) cases underestimate severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) infections. We conducted a national probability survey of US households to estimate cumulative incidence
adjusted for antibody waning.

Methods. From August-December 2020 a random sample of US addresses were mailed a survey and self-collected nasal swabs
and dried blood spot cards. One adult household member completed the survey and mail specimens for viral detection and total
(immunoglobulin [Ig] A, IgM, IgG) nucleocapsid antibody by a commercial, emergency use authorization-approved antigen capture
assay. We estimated cumulative incidence of SARS-CoV-2 adjusted for waning antibodies and calculated reported fraction (RF) and
infection fatality ratio (IFR). Differences in seropositivity among demographic, geographic, and clinical subgroups were explored.

Results. Among 39 500 sampled households, 4654 respondents provided responses. Cumulative incidence adjusted for waning
was 11.9% (95% credible interval [CrI], 10.5%-13.5%) as of 30 October 2020. We estimated 30 332 842 (CrlI, 26 703 753-34 335 338)
total infections in the US adult population by 30 October 2020. RF was 22.3% and IFR was 0.85% among adults. Black non-Hispanics

(Prevalence ratio (PR) 2.2) and Hispanics (PR, 3.1) were more likely than White non-Hispanics to be seropositive.

Conclusions.

One in 8 US adults had been infected with SARS-CoV-2 by October 2020; however, few had been accounted for in

public health reporting. The COVID-19 pandemic is likely substantially underestimated by reported cases. Disparities in COVID-
19 by race observed among reported cases cannot be attributed to differential diagnosis or reporting of infections in population

subgroups.
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A complete understanding of the US coronavirus disease 2019
(COVID-19) epidemic requires measuring unreported (ie, not
diagnosed or diagnosed but not reported to public health sur-
veillance systems) severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) infections. Cumulative SARS-CoV-2
incidence must account for unreported cases and systematic dif-
ferences between documented and undocumented cases related
to healthcare access or health-seeking behaviors (eg, people
experiencing symptoms are more likely to test). Serosurveys
identify people who have developed an immune response to
SARS-CoV-2, regardless of symptoms, seeking medical care
or being diagnosed or reported to public health surveillance
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systems. However, most serosurveys to date are subject to se-
lection biases by overrepresenting people concerned about
symptoms or exposures, people seeking medical evaluation, or
high-risk subpopulations (eg, healthcare workers). Accurate US
national estimates of the cumulative incidence of SARS-CoV-2
infection require minimally biased, population-based surveys
and screening with viral and antibody detection assays.

The natural history of SARS-CoV-2 infection and immu-
nity informs this effort. Relying solely on detectable levels of
SARS-CoV-2 antibodies to estimate cumulative incidence is
inadequate because antibodies wane in the months following
primary infection [1, 2]. Because of antibody waning, popula-
tion anti-SARS-CoV-2 antibody prevalence in New York City
and the United Kingdom decreased during a time of increasing
total reported cases [2-4]. Further, antibodies against the nucle-
ocapsid (N) protein likely wane faster than antibodies against
the spike (S) protein [5]. Thus, cross-sectional prevalence esti-
mates that rely on antibody testing, especially studies conducted
after spring 2020, likely substantially underestimate cumulative
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incidence. Specimens collected later in epidemic are increas-
ingly subject to false-negative antibody results, that is, failing to
identify antibodies in previously infected persons.

To develop a nationally representative estimate of the cumu-
lative incidence of SARS-CoV-2, we conducted a national prob-
ability survey of US households with mailed at-home specimen
collection and polymerase chain reaction (PCR) and serology
testing [6]. We calculated adjusted seroprevalence and used a
Bayesian model to account for waning antibodies to estimate
the overall cumulative incidence in the United States as of 30
October 2020 [7].

METHODS

Sampling

As previously described [6], we used a national address-based
household sample of all residential delivery points in the United
States (about 130 million addresses) that has been used in nu-
merous health research studies [8-10]. To recruit >4000 re-
sponding households, 39 500 addresses were sampled. Due
to state-level interest in estimates of key parameters, house-
holds were oversampled in California (6500 oversampled) and
Georgia (12 000 oversampled). In response to differentially low
return rates by Black and Hispanic respondents, households in
census tracts with >50% Black residents and households with
surnames likely to represent Hispanic ethnicity [8] were also
oversampled.

Survey and Laboratory Procedures

One person per selected household was asked to enumerate
household members and each persons age; 1 household
member aged >18 years was randomly selected to par-
ticipate in the COVIDVu study. Consenting participants
completed an online survey and provided a self-collected
anterior nares (AN) swab and a self-collected dried blood
spot (DBS) card as previously described [11] and returned
specimens to a central laboratory by mail [12]. AN swabs
were tested by PCR using the Thermo EUA (emergency
use authorization) Version 2 kit (Thermo Fisher, Waltham,
MA). DBS specimens were tested using the BioRad Platelia
Total Antibody test (BioRad, Hercules, CA) that tar-
gets the NC protein as a laboratory-developed test under
Clinical Laboratory Improvements Act/College of American
Pathologists (CLIA/CAP) protocols. The Platelia assay has
advantages for the purpose of a serosurvey: it detects mul-
tiple antibody isotypes; targets the NC protein, which indi-
cates natural infection but not vaccination; and has robust
sensitivity (98.0%) and specificity (99.3%) [13]. To charac-
terize potential misclassification biases associated with test
performance, we adjusted prevalence estimates for test per-
formance per Sempos and Tian. [14]. We resampled each ad-
justed prevalence estimate and test performance parameter

estimate (ie, sensitivity and specificity) to estimate confi-
dence intervals (CIs; k = 100 000 iterations) [15].

Antibodies to NC wane more quickly than antibodies to S
[5]. Therefore, we quantified the magnitude of potential bias
of lower sensitivity of the BioRad test by retesting a subset of
BioRad antibody-negative specimens with the EUROIMMUN
immunoglobulin (Ig) G assay (Liibeck, Germany) that targets
the S protein. The specimen subset comprised participants with
negative total Ig results and a high pretest probability of prior
infection (n =122; eg, participants reporting previous diag-
nosis, hospitalization for COVID-19, or reported loss of smell
or taste since 1 January 2020) and a group of randomly selected
total Ig-negative participants (n = 275).

The Emory University Institutional Review Board approved
the COVIDVu study.

Computation of Sample Weights

Sample weights were developed to facilitate unbiased estima-
tion of key parameters that represent the noninstitutionalized,
housed adults (ie, aged >18 years US population). Hierarchical
hot deck imputation [16] was performed to ensure no parti-
cipants were missing data for key variables (gender, 0.1%
missing; education, 1.2% missing; race, 3.2% missing; eth-
nicity, 1.6% missing; marital status, 2.2% missing; income,
13.8% missing) needed for weighting. These imputation steps
were carried out sequentially within homogeneous imputa-
tion cells, each time using the variables previously imputed for
the construction of cells for the next variable to be imputed.
Next, design weights were computed to reflect the selection
probabilities for household addresses and the selection of 1
adult per household and adjusted to account for differential
nonresponse. For this purpose, Classification and Regression
Tree analysis was used to identify characteristics that were dif-
ferentially distributed among responding vs nonresponding
households. Variables identified as key predictors of
nonresponse were homeownership status (rent vs own), res-
iding in a household located in a census tract with >50% Black
residents, presence of Hispanic surname, and presence of
household information about income or number of adults on
the address-based sampling frame.

In the next step, nonresponse-adjusted design weights
were post-stratified to distributions of demographic charac-
teristics among US adults. Specifically, an iterative propor-
tional fitting (raking) procedure was used to align weighted
distributions of respondents with respect to gender, age, race/
ethnicity, education, income, marital status, and census di-
vision [17]. Weights were examined to detect extreme out-
liers and trimmed at the 99th percentile on both ends of the
distribution.

Seroprevalence analyses were conducted in SAS v9.4 and
SUDAAN. Using the sampling weights, we estimated the
weighted seroprevalence and 95% modified Wilson score
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confidence limits of total Ig for the entire sample and for dem-
ographic and clinical factors of interest. To identify significant
differences, prevalence ratios (PRs) and corresponding 95% Cls
were estimated using weighted logistic regression procedures
in SUDAAN. A y* test for linear trend in proportions was per-
formed for seroprevalence across levels of education.

Estimation of SARS-CoV-2 Cumulative Incidence and Infection Fatality
Ratio Accounting for Waning Antibodies

To adjust for SARS-CoV-2 antibodies waning below the de-
tectable levels [18, 19], we used a Bayesian model to estimate
the cumulative incidence of SARS-CoV-2 at the median date
of our sample (30 October 2020). The model uses population-
level cross-sectional data from the present study and accounts
for both the expected timeline of seroconversion and the time-
line for seroreversion. Details of this model have been described
[7]. Briefly, the model estimates the timing of infection based
on empirical data on the distribution of time from symptom
onset to death and is calibrated with the national weighted se-
roprevalence estimate from the present study by applying cu-
mulative density functions for the time from seroconversion
to seroreversion. The model generates a daily estimate of new
infections and derives a cumulative incidence estimate by sum-
ming the total number of modeled infections since the begin-
ning of the epidemic. The model directly estimates the infection
fatality ratio (IFR) [7]. We also estimated the IFR for 2 age
strata (55-64 and >65 years) where adequate age-specific time-
series data were available in Centers for Disease Control and
Prevention (CDC) public use datasets. An exploratory anal-
ysis of cumulative incidence was conducted for CI through 31
December 2020 using updated mortality data reported through
15 April 2021.

Calculation of Reported Fraction

We defined reported fraction as the ratio of reported cases in
the United States as of 30 October 2020 (using data from the
CDC’s public use dataset [20] and assuming that those aged
18-19 years represented 21% of the 10- to 19-year age group)
and the cumulative incidence as of the same date. Credible
intervals (CrIs) were constructed using the 95% CrIs for the cu-
mulative incidence of the denominator [21].

RESULTS

Sampling, Participation Rates, and Representation of Racial/Ethnic
Minorities

A total of 39 500 registration packages were mailed to sampled
US households from July 2020 through October 2020 (Figure
1). There were 2444 addresses (6.2%) that were unable to re-
ceive mail and excluded from the sample. A total of 5666 sur-
veys (15.3%) were completed. Of those completing surveys, 4654
(12.6% of sampled households) also returned a DBS specimen
collected during the period 9 August 2020-8 December 2020

with a valid antibody result. There were 450 other participants
(7.9%) who did not have a total Ig result but had a valid PCR test.
The overall participation rate was 15.3% for the survey only and
12.6% for the survey and a valid antibody test result.

Antibody and PCR RNA Positivity

Overall, 229 of 4654 (4.92%) DBS specimens were reactive for
total Ig (ie, unadjusted seroprevalence); these made inference
to the seroprevalence among 242 875 582 US adults (Table 1).
The weighted seroprevalence was 5.24% (CI, 4.14%-6.60%);
seroprevalence results suggested that the number of US adults
with prevalent anti—-SARS-CoV-2 Ig not adjusted for waning
antibodies for the period 9 August 2020-8 December 2020
was 12 722 882. In a sensitivity analysis adjusting for test per-
formance [13], the overall prevalence of antibodies was lower
(4.71%; CI, 3.3-6.11; Supplementary Table 1). There were 36 of
4984 (0.72%) AN specimens that were positive by PCR testing,
of which 10 (29%) were also reactive for total Ig.

Characterizing Potential Bias From Lower Sensitivity for Detection of
Antibodies to NC Protein

Among 122 samples with a negative NC Ig assay and a clinical
history compatible with COVID-19 disease, 1 of 122 (0.8%) had
a reactive result on the IgG assay for the S protein. No specimen
from the 275 randomly selected NC Ig-nonreactive specimens
was reactive on the IgG assay for the S protein. Therefore, we
believed that the choice of the NC target did not result in mis-
classification bias and used the results of the BioRad assay for all
analyses reported here.

Associations of Antibody Positivity

Weighted seroprevalence was 3-fold higher among Hispanic
and 2-fold higher among Black, non-Hispanic participants
compared with White, non-Hispanic participants (Table 2).
Compared with persons aged >65 years, weighted seropreva-
lence was 3 times higher in those aged 18-34 or 35-44 years.
Weighted seroprevalence was nearly double among persons
living in the South compared with the West, and results showed
an inverse relationship between educational attainment and se-
roprevalence (trend in proportions, P = .008). Seroprevalence
was higher among participants residing in metropolitan areas
and who reported cold/flu symptoms or loss of taste or smell
since 1 January 2020. Overall, nearly 9 in 10 Ig-seropositive par-
ticipants reported at least 1 symptom (loss of taste/smell, flu, or
any of the other potential symptoms listed in the Table 2 foot-
note), and 8 in 10 of those who were SARS-CoV-2-seronegative
reported >1 symptom since 1 January 2020. There was no dif-
ference in seropositivity by comorbidities.

Estimated Cumulative Incidence of SARS-CoV-2 Infections and IFR
Adjusted for Waning Antibodies

Estimated cumulative incidence adjusted for waning anti-
bodies was 11.9% (CrI, 10.5%-13.5%) on 30 October 2020
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Figure 1.

Consort diagram for a national household probability sample of US households to estimate the cumulative incidence of severe acute respiratory syndrome coro-

navirus 2 infection in the United States, 2020. Abbreviations: AN, anterior nares; COVIDVu, coronavirus disease 2019 study; Ig, immunoglobulin.

(Figure 2). The estimated IFR was 0.85% (CrI, 0.76%-0.97%)
for adults aged >18 years, 0.59% (0.45%-0.83%) for those
aged 55-64 years, and 7.1% (5.04%-10.38%) among those
aged >65 years. We estimated 30 332 842 (CrlI, 26 703 753—
34 335 338) infections among adults aged >18 years by 30
October 2020. There were 6 769 219 cumulative reported
COVID-19 cases in adults through 30 October 2020, sug-
gesting that about 1 in 5 (22.3%; Crl, 19.7%-25.3%) of adult
SARS-CoV-2 infections had been reported as a COVID-
19 case by 30 October 2020. The exploratory estimate for
adult cumulative incidence through 31 December 2020 was
18.2% (Crl, 16.1%-20.4%). Estimated daily seroprevalence
is also presented in Figure 2. Estimated daily seropreva-
lence tracked in parallel to cumulative incidence through
summer 2020 but then began increasing more slowly than
cumulative incidence.

DISCUSSION

By accounting for data on the distribution of time from expo-
sure to seroconversion, seroreversion, and time to death, we
report that although the daily seroprevalence of antibodies to
SARS-CoV-2 remained relatively stable at between 4% and 5%
from August 2020 to October 2020, cumulative incidence con-
tinued to climb. The cumulative incidence rose to more than 30
million US adults, and nearly 1 in 8 had been infected with the
virus by the end of October 2020.

Understanding the extent of the SARS-CoV-2 epidemic in
the United States has been challenging since the beginning of
the epidemic for multiple reasons. First, deficits in testing ca-
pacity were acute in the early months of the epidemic, resulting
in substantial underdiagnosis of COVID-19 cases, especially
mildly symptomatic cases [22]. Second, early serosurveys
were frequently based on convenience samples and subject to
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selection bias for people concerned about exposure or symp-
toms [6, 23]. Third, many SARS-CoV-2 infections may be
asymptomatic; asymptomatic or paucisymptomatic persons
are unlikely to seek diagnostic testing and be reported as cases.
Fourth, reporting systems for COVID-19 had to be established
very quickly by public health institutions, and there was sub-
stantial underreporting of demographic data, including race/
ethnicity, needed to describe relative impacts of the epidemic
[24, 25]. Finally, naturally acquired antibodies to SARS-CoV-2
wane over time, and antibodies directed toward different an-
tigenic targets might wane at different rates [26]. As a result,
seroprevalence estimates alone are not a reliable indicator of
cumulative incidence, even over the short history of the US
epidemic. Our study addressed many of these challenges by
collecting data from randomly selected US households (minim-
izing selection bias), oversampling to achieve a diverse sample,
and using statistical methods to account for waning antibodies.

Previously reported US seroprevalence studies have featured
varying degrees of probability sampling methods and conven-
ience sampling. One study constructed a demographically and
geographically representative sample from a sampling frame
of screened volunteers [27]. However, to our knowledge, no
study has reported national data from a probability sample of
US households [28]. A synthesis of population-based samples
and remnant clinical samples yielded a seroprevalence of 14.3%
by mid-November 2020 but did not consider waning anti-
bodies and called for additional serosurvey data [29]. A study
of US plasma donors reported seroprevalence of 8.0% in July
2020, but dialysis patients tend to be significantly older than
US adults overall [30]. Other seroprevalence studies have used
various strategies to minimize bias, including the use of pro-
prietary sampling frames (4% in Los Angeles April 2020 [23]),
use of remnant blood specimens from blood donors (1.8%
prevalence in June 2020 —August 2020 [31]) or specimens sub-
mitted for other laboratory testing (range of 1.0%-6.9% across
10 US sites in March 2020-May 2020 [32]), and flow sampling

through grocery stores (12.5% in New York City in March 2020
[33]). The CDC publishes state-specific seroprevalence esti-
mates from commercial laboratory samples, which was >20% in
many states as of February 2021 [34]. The CDC reported results
from local population-based household samples in metropol-
itan Atlanta, Georgia (2.5% in April 2020-May 2020 [35]), and
Indiana (seroprevalence 1.0% in May 2020-June 2020 [36]).
Reports of previous surveys have recognized the limitations of
seroprevalence studies alone to estimate cumulative incidence
and have called for representative surveys to minimize sam-
pling bias [37].

Our crude antibody prevalence was adjusted in 2 ways.
First, we applied sampling weights to our observed data to
account for the sampling process, resulting in a small in-
crease in the seroprevalence estimate. Second, we accounted
for waning antibodies [7]. Although studies conducted in the
first half of 2020 might have been minimally impacted by
waning antibodies, serology studies that collected data in the
second half of 2020 were subject to substantial misclassifica-
tion bias, perhaps differentially by symptomatology [38, 39].
In a period prevalence survey that spanned several months,
people with a previous SARS-CoV-2 infection might lose de-
tectable antibodies and be misclassified; on the other hand,
in periods of high incidence (eg, December 2020), people
with positive PCR tests indicating infection might be mis-
classified as not being a cumulative incident case because
antibodies had not yet developed. These potentially misclas-
sified statuses are temporally varying during the beginning
of an epidemic: misclassification due to waning antibodies
will be a more prominent bias in later months, and misclassi-
fication of infection status by antibody measurement will be
greater during periods of high incidence. The combined ef-
fect of these biases was likely large through the fall of 2020. In
Figure 2, daily seroprevalence stabilized even as cumulative
incidence rose: each day some people acquired a new detect-
able antibody result, and others lost detectable antibodies).
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Our estimate of the reported fraction is higher than estimates
from some previous reports. Based on projections from rem-
nant blood donors and clinical samples, the CDC estimated
in June 2020 that only 10% of cumulative SARS-CoV-2 infec-
tions had been reported [40]. It might be that the reported frac-
tion has increased as testing capacity has increased. Our data
confirm that the reported disproportionate impact on Black
[41-45] and Hispanic [45-48] people also persists in the rep-
resentative sample, as did previously reported associations of
higher positivity with lower age and metropolitan residence
[37]. Establishing these associations in a representative study is
important because measures of relative impact developed using
reported data are impacted by differences in testing availability
by race or urbanicity [49]. Others have reported disparities by
race, residence and age based on diagnosed cases; we found that
these disparities are also observed in a representative sample
of US respondents corrected for waning, which indicates that
these previously reported disparities were not an artifact of a
higher a risk of symptoms or testing in certain groups. Our data
also suggest that the geographic areas of higher burden have
shifted toward the South since earlier in the epidemic [50, 51].

Our study is subject to limitations. We used a representative
sampling frame, but our response rate was 12.6%, which is low
but typical for mailed surveys using address-based sampling
frames [52]. The CDC’s 2 household samples, conducted as a
door-to-door offer of enrollment, also had low response rates
(23.6%-23.7% [35]). Weighting for nonresponse addresses se-
lection bias for some traits known for households, but residual
selection bias exists. Our results are likely subject to differen-
tial response bias; we addressed this by oversampling specific
groups (eg, Black and Hispanic households) with lower re-
sponse rates and by weighting for nonresponse of households.
We were only able to address differential nonresponse using
characteristics of the population that were available to us on the
frame (eg, population distributions by race/ethnicity or house-
hold income levels). Characteristics that may be associated with
COVID-19 risk but not available at the population level, such
as higher general propensity to take risks, were not available for
extrapolation to the underlying population and therefore may
contribute to uncorrected selection bias. Our laboratory re-
sults were subject to misclassification based on the latent period
for seroconversion and waning antibodies. Unlike most other
studies reported to date, we accounted for these biases through
our modeling approach.

We conducted additional testing to quantify potential biases
associated with our choice of an antibody test targeting the NC
protein, which is more subject to waning; the results indicated
minimal bias toward misclassifying true antibody-positive tests
as negative. We were also at risk for misclassification because
DBS cards have less biological material available for use in as-
says. As part of our CLIA validation, DBS vs venipuncture spe-
cimens for both serology assays showed 100% sensitivity and

specificity for DBS tests compared with a serum gold standard
(n =30 positives and 30 negatives, unpublished results, avail-
able upon request).

Our study furthers previous seroprevalence surveys by
estimating cumulative incidence in a national probability
sample of US households, addressing many of the limitations of
previous estimates of SARS-CoV-2 burden in the United States.
We found somewhat higher estimates of reported fraction than
others, which have ranged from 4%-16% [32, 37]. Our find-
ings suggest substantially higher cumulative incidence than
has been reported in previous studies that did not adjust for
waning antibodies [53]. A related finding is that our estimate of
IFR is somewhat lower than had been suggested by studies that
did not include waning-adjusted estimates of cumulative inci-
dence (0.85% vs 1.39% [54]); the timing of analyses likely also
influenced these differences. Representative population-based
samples provide minimally biased data as a contextual frame-
work for other types of studies. Adjusting for waning antibodies
is critical to developing credible estimates of cumulative inci-
dence and will become increasingly important over time.
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