
Since its emergence in late 2019, SARS-CoV-2 has 
posed a substantial challenge to public health sur-

veillance worldwide. Seroprevalence, the proportion 
of a population that has detectable SARS-CoV-2 an-
tibodies, has commonly been used to estimate pop-
ulation-level infection and vaccination history across 
geographic regions (1–4). However, seroprevalence 
studies only describe the presence or absence of an-
tibodies. In addition, those studies generally refer 
only to binding antibodies, or antibodies that can rec-
ognize and attach to an antigen. However, binding  

antibody analyses neglect to describe the ability of an-
tibodies to neutralize a pathogen, which is measured 
by neutralizing antibody titers. Therefore, additional 
information is needed when studying populations in 
which nearly all persons have detectible antibodies.

Binding and neutralizing antibody titers can be 
heterogeneous after SARS-CoV-2 infection or vac-
cination (5–7). Thus, those titers can be particularly 
valuable measures of protective immunity among 
populations where nearly all persons have detectible 
antibodies (8). In addition, the ability of those titers to 
detect heterogeneity in serologic status within fully 
seropositive populations, including changes in an-
tibody levels over time, enables epidemiologists to 
provide a more nuanced description of serostatus for 
those populations. Furthermore, those antibody titers 
can clarify a population’s continued risk because evi-
dence shows that higher binding and neutralizing an-
tibody titers are associated with lower probability of 
infection, re-infection, and severe disease (9–11; J.A. 
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We studied SARS-CoV-2 binding and neutralizing an-
tibody titers among previously infected persons in the 
United States over time. We assayed SARS-CoV-2 
spike protein receptor-binding domain and neutral-
izing antibody titers for a convenience sample of re-
sidual clinical serum specimens that had evidence of 
prior SARS-CoV-2 infection gathered during January 
2021–February 2022. We correlated titers and exam-
ined them by age group (<18, 18–49, 50–64, and >65 
years) across 4 different SARS-CoV-2 variant epochs. 

Among selected specimens, 30,967 had binding anti-
body titers and 744 had neutralizing titers available. Ti-
ters in specimens from children and adults correlated. 
In addition, mean binding antibody titers increased over 
time for all age groups, and mean neutralization titers 
increased over time for persons 16–49 and >65 years 
of age. Incorporating binding and neutralization anti-
body titers into infectious disease surveillance could 
provide a clearer picture of overall immunity and help 
target vaccination campaigns.
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Cohen et al., unpub. data, https://doi.org/10.1101/
2021.05.31.21258018). Moreover, understanding the 
correlation between the 2 measures can inform clini-
cal practice. Strong evidence that neutralizing anti-
body titers are a correlate of protection is available, 
but acceptance of binding antibodies as a correlate of 
protection is less prevalent (12). Limited evidence is 
available on the correlation of binding and neutral-
izing antibody levels, particularly among a large, na-
tionwide population spanning all age groups.

Measuring binding and neutralizing antibody ti-
ters after SARS-CoV-2 infection and vaccination also 
can enable the study of differences across key demo-
graphics. Using those measures, epidemiologists can 
statistically test antibody titers across characteristics 
such as age and sex that are likely to be associated 
with differences in immune response and severity of 
SARS-CoV-2 outcomes (13). In addition to enabling 
the study of risk factors, titers can help examine the 
immunogenicity of vaccination, booster vaccines, 
and reinfection (14,15), as well as the effects of wan-
ing antibodies over time (16). Measuring binding and 
neutralizing antibody titers can improve understand-
ing of the course of the SARS-CoV-2 pandemic. As 
correlates of protection, those measures can be in-
dicative of future transmission levels and risks for se-
vere disease. To supplement understanding of serop-
revalence over the COVID-19 pandemic, we studied 
binding and neutralizing antibody titers among pre-
viously infected persons in the United States during 
January 2021–February 2022.

Methods

Study Design and Sample
A convenience sample of residual clinical serum spec-
imens were collected as part of the  Nationwide Com-
mercial Laboratory Seroprevalence Survey (NCLS; 
https://data.cdc.gov/Laboratory-Surveillance/ 
Nationwide-Commercial-Laboratory-Seropreva-
lence-Su/d2tw-32xv/about_data). NCLS is a repeat-
ed, cross-sectional survey conducted by the Centers 
for Disease Control and Prevention (CDC) and de-
signed to monitor national seroprevalence of infec-
tion-induced antibodies to SARS-CoV-2. Detailed 
methods are discussed elsewhere (17). In brief, we 
collected data from specimens submitted for clinical 
testing across 50 US states, the District of Columbia, 
and Puerto Rico. To minimize selection bias, we ex-
cluded specimens for which SARS-CoV-2 antibody 
testing was ordered by the clinician. Specimen infor-
mation included data on patient age, patient sex, ju-
risdiction, and date of blood collection.

For this analysis, we included specimens gath-
ered during January 2021–February 2022 that had 
antibodies against the nucleocapsid protein (anti-N). 
Anti-N are produced in response to infection but are 
not produced in response to the COVID-19 vaccines 
authorized for use in the United States at the time of 
data collection. Anti-N were detected by using the 
Elecsys Anti-SARS-CoV-2 assay (Roche Diagnostics, 
https://diagnostics.roche.com), which has a sensitiv-
ity of 100% and specificity of 99.8% for the N protein 
(18). When testing with this assay, anti-N positivity 
remains high over a substantial follow-up period; 
>94% of persons retain a positive value 10 months 
after infection (19,20). Thus, we assumed anti-N posi-
tivity to be evidence of any prior infection, not just 
recent infections.

Among specimens with anti-N, we selected a 
subset for further testing with a quantitative assay 
that determines the spike protein receptor-binding 
domain IgG (anti-RBD) level. That subset was se-
lected because samples were received until either a 
target number for each patient age category and state 
of residence was reached or the data collection period 
concluded. Among specimens tested for quantitative 
anti-RBD titers, we tested a random subset of collect-
ed specimens for neutralizing antibodies within each 
age category. We determined subset size according to 
available resources.

Quantitative Anti-RBD Assay
We used the electrochemiluminescent Cov2Quant 
IgG assay (LabCorp, https://www.labcorp.com) to 
quantify anti-RBD IgG in serum samples (21). We 
calculated the anti-RBD concentration of each serum 
sample by using a dilution series of affinity-purified 
human IgG standard and calibrated results with the 
World Health Organization international standard 
(international reference standard conversion factor 
for wild-type spike protein D614G mutation 50% in-
fectious dose is 20/136) to convert results into bind-
ing antibody units (BAU) per milliliter. The threshold 
for anti-RBD positivity is 17.8 BAU/mL (sensitiv-
ity,  99.4% [95% CI 96.6%–99.9%]; specificity,  98.4% 
[95% CI 98.4%–99.6%]). For samples that returned a 
value <1.0, the lower quantitation limit of the assay, 
we used 1.0 as the value for quantitative results to 
enable statistic calculations on the logarithmic scale. 
Full methods are discussed elsewhere (11,21).

Neutralizing Antibody Assay
We used the PhenoSense SARS-CoV-2 Neutralizing 
Antibody Assay (Mongram Biosciences, https://
monogrambio.labcorp.com) (22,23) to measure  
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neutralizing antibodies against the wild-type 
SARS-CoV-2 spike protein (GenBank accession no. 
MN908947.3). We recorded the 50% neutralization ti-
ter (NT50) as the reciprocal of the serum dilution con-
ferring 50% inhibition of pseudovirus infection, with 
an upper limit of detection of 787,320 IU/mL. Full 
methods are discussed elsewhere (10,23).

Statistical Analysis
We recorded counts and percents across covariates 
for anti-N seropositive samples, those with binding 
antibody titer results, and those with both binding 
and neutralizing antibody titer results. We compared 
distribution of age, sex, and metro status (i.e., living 
in a metropolitan statistical area or nonmetro area) 
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Figure 1. Flowchart of sample selection in study of quantitative SARS-CoV-2 spike receptor-binding domain and neutralizing antibody 
titers in previously infected persons, United States, January 2021–February 2022. Nonnumeric results are quantitative receptor-binding 
domain assays with invalid results due to insufficient serum volume, lost sample, or poor reproducibility. NCLS, Nationwide Commercial 
Laboratory Seroprevalence Survey.

 
Table. Characteristics of subjects in a study of quantitative SARS-CoV-2 spike receptor-binding domain and neutralizing antibody 
titers in previously infected persons, United States, January 2021–February 2022* 

Characteristics 
% Total US 

population, 2021 
Anti-N seropositive,† 

n = 1,015,622 
Binding antibody titer 
available, n = 30,967 

Neutralizing and binding 
antibody titers available, n = 744 

Sex     
 M 49.6 4.2 (41.3) 13,146 (42.5) 317 (42.6) 
 F 50.3 5.9 (58.1) 17,821 (57.5) 427 (57.4) 
Age group, y     
 <18 21.9 2.4 (23.6) 8,089 (26.1) 231 (31.0) 
 18–49 42.0 3.5 (34.5) 8,127 (26.2) 133 (17.8) 
 50–64 19.1 2.4 (23.6) 7,224 (23.3) 153 (20.5) 
 >65 16.9 1.8 (17.7) 7,527 (24.3) 227 (30.5) 
Residence     
 Nonmetro 13.8 1.7 (16.7) 5,767 (18.6) 136 (18.3) 
 Metro 86.2 8.4 (82.7) 25,200 (81.4) 608 (81.7) 
Variant epoch     
 Wild-type  2.5 (24.6) 9,049 (29.2) 202 (27.2) 
 Alpha  3.1 (30.5) 6,868 (22.2) 75 (10.1) 
 Delta  3.7 (36.4) 10,808 (34.9) 361 (48.5) 
 Omicron  0.9 (8.9) 4,242 (13.7) 106 (14.2) 
*Values are no. (%) except as indicated. Population data are from the US Census Bureau (https://www.census.gov). Anti-N, nucleocapsid antibody. 
†Values are no. × 105 (%). 
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among patient specimens with US Census Bureau 
estimates of the total US population in 2021 (24). We 
calculated Pearson correlation coefficients between 
log10-transformed quantitative binding and neutral-
izing antibody assay results stratified by age: children 
0–17 years of age and adults >18 years of age. Then, 
we stratified binding and neutralization titers by sex 
assigned at birth (male or female) and age group (<18, 
18–49, 50–64, or >65 years). We used a t-test on log10-
transformed data to statistically compare mean titer by 
sex and a simple linear regression to examine whether 
slope, indicated by β, was nonzero across age groups. 
We conducted further analyses to compare binding 
and neutralizing titers by age group and 4 epochs of 
the pandemic, delineated by which SARS-CoV-2 vari-
ant was responsible for >50% of US cases: wild-type 
during January 1–March 27, 2021; Alpha during March 
28–June 25, 2021; Delta during June 26–December 17, 
2021; and Omicron BA 1.1 during December 8, 2021–
February 28, 2022 (25). We performed 4 simple linear 
regressions for each assay result, 1 for each age group, 
to statistically described that trend. We then compared 
trends in binding antibody titer, neutralizing antibody 
titer, and national vaccination rates as recorded by 
CDC (26), for each age group over time. 

We performed all statistical analyses in R ver-
sion 4.1.2 (The R Project for Statistical Computing, 
https://www.r-project.org). We considered p<0.05 
statistically significant and did not correct for mul-
tiple comparisons. 

Ethics Statement
This activity was reviewed by CDC and conducted 
consistent with applicable federal law and CDC 
policy (45 C.F.R. part 46, 21 C.F.R. part 56; 42 U.S.C. 
Sect. 241(d); 5 U.S.C. Sect. 552a; 44 U.S.C. Sect. 3501 
et seq.). CDC determined that this project was pub-
lic health surveillance and not research. Thus, ap-
proval by an institutional review board was waived. 
Informed consent was also waived because all data 
were deidentified.

Results
During January 1, 2021–February 28, 2022, the NCLS 
study collected 4,705,906 serum specimens, of which 
1,015,622 (21.6%) were anti-N seropositive (Figure 
1). Of those seropositive samples, we tested 31,506 
(3.2%) for binding antibody titer, of which 30,967 
(98.3%) had valid numeric anti-RBD assay results. We 
included data from samples with valid assay results 
in our binding antibody titer analysis. Of the speci-
mens included in the anti-RBD dataset, 744 (2.4%) 
had neutralizing titer results from the same specimen.

When we compared anti-N–positive samples in 
NCLS, samples with binding antibody titer results, and 
samples with neutralizing antibody titer results, we 
found that all 3 groups originated from populations 
who had similar distributions by sex and residence in 
a metropolitan area (Table). Percentages in each age 
group varied by dataset. Among anti-N–positive speci-
mens, the lowest percentage (18%) was among persons 
>65 years of age. Because of the sampling design, nearly 
equal percentages of specimens were available by age 
group among those with binding antibody titers (age 
range <1–99 years). Among specimens with neutralizing 
antibody titers, the neutralization assay dataset, most 
samples were from persons in the youngest (<18 years) 
or oldest (>65) age groups (age range <1–93 years).
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Figure 2. Pearson correlations in study of quantitative SARS-
CoV-2 spike RBD and neutralizing antibody titers in previously 
infected persons, United States, January 2021–February 2022. 
A) Samples from children; B) samples from adults. Correlations 
are between the log10-transformed binding (anti-RBD IgG) and 
neutralizing antibody titers (NT50) for 744 specimens with available 
results in the Nationwide Commercial Laboratory Seroprevalence 
Survey database. Neutralizing antibody titers are against the 
ancestral spike protein. BAU, binding antibody units; NT50, 50% 
neutralization titer; RBD, receptor-binding domain.
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The percentage of samples gathered during vari-
ant epochs also varied by dataset. The smallest per-
centage of specimens with anti-N (9%) and specimens 
with binding antibody titers (14%) were collected dur-
ing the Omicron epoch but had representation of >20% 
from each earlier epoch. Specimens with neutralizing 
antibody titers were predominantly from the wild-
type and Delta variant epochs and a lower percent-
age from the Alpha (10%) and Omicron (14%) epochs. 
Specimens collected from children and adults across 
all 4 variant epochs showed positive correlations  

between the log10-transformed binding and neutral-
izing antibody titers (children R2 = 0.70 [95% CI 0.62–
0.76]; adult R2 = 0.80 [95% CI 0.77–0.83]) (Figure 2).

We noted no clear difference in distribution 
in either binding or neutralizing titers between 
sexes (binding titers mean difference = 0.002 [95% 
CI −0.02 to 0.03]; neutralizing titers mean differ-
ence = 0.03 [95% CI −0.08 to 0.13]) (Figure 3). In con-
trast, mean titers had a notable positive trend across 
age groups for both titers (binding titers β  =  0.24 
[95% CI 0.23–0.25]; neutralizing titers β = 0.23 [95% 
CI 0.20–0.27]) (Figure 4).

Violin plots of binding antibody titers showed an 
increasing trend in mean titer over the 4 variant ep-
ochs for all age groups: <18 years, β = 0.15 (95% CI 
0.13–0.17); 18–49 years, β  =  0.29 (95% CI 0.27–0.32); 
50–64 years, β  =  0.30 (95% CI 0.28–0.33); and >65 
years, β = 0.29 (95% CI 0.27–0.32) (Figure 5, panel A). 
In addition, maximum values increased over time. 
Among all specimens, 11.9% had anti-RBD titers be-
low the limit of detection: 1,275 (14.1%) in the wild-
type epoch, 986 (14.4%) in the Alpha epoch, 1,101 
(10.2%) in the Delta epoch, and 318 (7.5%) in the Omi-
cron epoch. Of note, the distribution for persons <18 
years of age appeared bimodal during the Alpha and 
Delta epochs before returning to a less bimodal shape 
during the Omicron epoch.

Neutralizing antibody titers showed an increas-
ing trend in mean titer over the 4 variant epochs for 
all age groups. Mean titers showed statistical signifi-
cance when tested for linear increases over time for 
persons 18–49 years of age (β = 0.014 [95% CI 0.03–
0.24]) and those >65 years of age (β  =  0.09 [95% CI 
0.00–0.18]) (Figure 5, panel B). We noted no consistent 
changes in distribution shapes over time. Compared 
with temporal trends in US vaccination coverage by 
age, we found that distributions in assay results shift-
ed upward as each corresponding age group experi-
enced an increase in vaccination coverage (Figure 5, 
panel C; Appendix Table, https://wwwnc.cdc.gov/
EID/article/30/11/24-0043-App.pdf).

Discussion
This analysis demonstrates the contribution of SARS-
CoV-2 binding and neutralizing antibody titers in 
epidemiologic studies among populations in which 
nearly all persons have detectible antibodies. Using 
the range of titers detected in a population with 100% 
seroprevalence, we were able to study correlations be-
tween those 2 measures and compare the means, rang-
es, and shape of their distributions by demographic  
group and over time. The ability of those measures 
to detect serologic heterogeneity within populations 
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Figure 3. Violin plots of anti-RBD IgG and NT50 titer results by sex 
in study of quantitative SARS-CoV-2 spike RBD and neutralizing 
antibody titers in previously infected persons, United States, 
January 2021–February 2022. A) Anti-RBD, n = 30,967; B) NT50, 
n = 744. Anti-RBD measured by Cov2Quant IgG (LabCorp, 
https://www.labcorp.com) and NT50 measured by PhenoSense 
SARS-CoV-2 Neutralizing Antibody Assay (Monogram 
Biosciences, https://monogrambio.labcorp.com). Horizontal lines 
in plots indicate first quantile, median, and third quantile; black 
dots indicates means. BAU, binding antibody units; NT50, 50% 
neutralization titer; RBD, receptor-binding domain.

https://wwwnc.cdc.gov/EID/article/30/11/24-0043-App.pdf
https://wwwnc.cdc.gov/EID/article/30/11/24-0043-App.pdf
http://www.cdc.gov/eid
https://www.labcorp.com
https://monogrambio.labcorp.com


SARS-CoV-2 RBD and Neutralizing Antibody Titers

with high rates of seroprevalence is key to studying 
correlates of protection in previously infected or vac-
cinated persons (12).

We observed a highly positive correlation 
between SARS-CoV-2 binding and neutralizing 
antibody titers among a sample of persons with 
serologic evidence of previous infection. This corre-
lation is consistent with previous studies showing 
that binding antibody titers could be an acceptable 
proxy for neutralizing antibody titers, which can 
be costly and difficult to obtain (27,28). Although 
neutralizing antibody titers have been determined 
to be a correlate of protection for COVID-19 vac-
cines (12), the assays are resource intensive and, 
thus, are unlikely to be used routinely in a clinical 
setting (27,28). Furthermore, that correlation estab-
lishes the relationship within our sample, enabling 
results for both binding and neutralizing titers to 
lend context to one another. However, interpret-
ing antibody titers should be approached with cau-
tion because no threshold above which a person is 
completely protected from infection or severe dis-
ease has been established. Antibody titers have a 
dose-response effect, and higher titers lead to low-
er chance of infection or severe disease (9–11; J.A. 
Cohen et al., unpub. data). Of note, antibody lev-
els cannot completely describe the risk for severe  
COVID-19. Despite higher vaccine rates and higher 
antibody levels, older adults remain at higher risk 
for severe COVID-19 than young adults (29). More-
over, the protection associated with an antibody ti-
ter differs by variant and by assay (30).

We observed increases in mean and range across 
age groups for both binding and neutralizing an-
tibody titers, and persons >65 years of age had the 
largest means and ranges. Conversely, neither bind-
ing nor neutralizing antibody titers showed meaning-
ful heterogeneity across sex. Those observations are 
consistent with previous research on antibody titers. 
One previous study observed an association between 
increased age and an increase in antibody titers, pos-
sibly due to increasing likelihood of vaccination (6). 
Although some studies have shown lower antibody 
titers among vaccinated older adults (31–33), those 
adults likely received a higher number of total vaccine 
doses. That increase in vaccination could overcome 
the negative correlation of older age and postvaccine 
antibody levels to produce the effect seen here. Other 
studies failed to find evidence of variations in anti-
body titer by sex (6,7).

Among this serial cross-sectional study of pre-
viously infected persons, we observed an increase 
in mean binding and neutralizing antibody titers in 

all age groups over the course of the COVID-19 pan-
demic in the United States. Increasing antibody levels 
in the population may be one of the reasons that, as  
COVID-19 community transmission continues to 
surge, the rate of hospitalizations and deaths has 
decreased over time. In addition, increases in titers 
corresponded with increases in nationwide vaccina-
tion rates within each age group. Thus, our observed 
increases over time and by age are consistent with a 
higher likelihood of being vaccinated over time and 
in older age groups (34,35). Similarly, reinfection 
could also be contributing to increases in mean titer, 
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Figure 4. Violin plots of anti-RBD IgG and NT50 titer results by 
age group in a study of quantitative SARS-CoV-2 spike RBD and 
neutralizing antibody titers in previously infected persons, United 
States, January 2021–February 2022. A) Anti-RBD, n = 30,967; B) 
NT50, n = 744. Anti-RBD measured by Cov2Quant IgG (LabCorp, 
https://www.labcorp.com) and NT50 measured by PhenoSense 
SARS-CoV-2 Neutralizing Antibody Assay (Monogram 
Biosciences, https://monogrambio.labcorp.com). Horizontal lines 
in plots indicate first quantile, median, and third quantile; black 
dots indicates means. BAU, binding antibody units; NT50, 50% 
neutralization titer; RBD, receptor-binding domain.
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especially because likelihood of reinfection increases 
over time and with later variants (36).

In addition to showing differences in means, our 
analysis visualized distribution shapes over the 4 
variant epochs. Upon detailed inspection, the distri-
bution for persons <18 years of age appeared more 
bimodal during the Alpha and Delta epochs before 
returning to a more unimodal shape during the 
Omicron epoch. During the Alpha and Delta epochs, 
we observed a large mode of titers at lower levels 

along with a smaller but visible secondary mode at 
a higher antibody concentration (37). That observa-
tion is consistent with the staggered vaccine rollout, 
in which various age groups <18 years of age be-
came eligible at various dates. In our data from the 
Alpha and Delta epochs, titers from older children 
who were eligible for vaccination contributed to the 
upper mode. Visualization of binding antibody titer 
distributions also highlighted another characteristic: 
the lower tails of each distribution remained over 
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Figure 5. Violin plots of 
anti-RBD IgG and NT50 titer 
results by age group in study 
of quantitative SARS-CoV-2 
spike RBD and neutralizing 
antibody titers in previously 
infected persons, United 
States, January 2021–
February 2022. A) Anti-RBD, 
n = 30,967; B) NT50, n = 744; 
C) vaccination coverage per 
SARS-CoV-2 epoch. Anti-RBD 
measured by Cov2Quant IgG 
(LabCorp, https://www.labcorp.
com) and NT50 measured by 
PhenoSense SARS-CoV-2 
Neutralizing Antibody Assay 
(Monogram Biosciences, 
https://monogrambio.labcorp.
com). Horizontal lines in plots 
indicate first quantile, median, 
and third quantile; black dots 
indicates means. Persons 
>16 years of age were eligible 
for vaccination starting in 
December 2020. In May 2021, 
vaccination was approved for 
persons 12–15 years of age. In 
November 2021, vaccination 
was approved for persons 
5–11 years of age. Note: 
August 2021 is omitted due to 
a gap in data collection. BAU, 
binding antibody units; NT50, 
50% neutralization titer; RBD, 
receptor-binding domain.

http://www.cdc.gov/eid
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epochs. Given that binding antibody titers below the 
limit of detection of the assay remained, some per-
sons might have failed to mount a robust anti-RBD 
response to their infection, possibly related to mild 
or asymptomatic infections (38). Alternatively, some 
persons might have mounted an initial anti-RBD re-
sponse but experienced titer waning over time (38), 
possibly correlated with an absence of vaccination 
or reinfection (36,39). Anti-RBD has been observed 
to wane faster than anti-N (40).

The first limitation of our analysis that race, eth-
nicity, and vaccination history of persons contribut-
ing specimens were not available from commercial 
laboratory data, precluding analysis with those vari-
ables. Second, we did not use information on prior 
infections, such as date of symptom onset or confir-
mation, because that information was only available 
for a small subset of persons. Similarly, we cannot 
generalize our findings to those who have never 
been infected, a valuable consideration for our com-
parison to nationwide vaccination rates. Third, sex, 
age, and metro status distribution among patients 
who provided specimens varied slightly from distri-
butions among the general US population; however, 
we noted no extreme deviations signaling serious 
generalizability concerns. Finally, our neutralizing 
assay used a pseudovirion constructed by using 
the wild-type spike protein, which does not corre-
late with protection as closely as would neutralizing 
assays using variant-specific correlates. However, 
evidence suggests that neutralizing assays contin-
ue to correlate with protection against more recent  
variants (41,42)

In conclusion, binding and neutralizing antibody 
titers among persons with serologic evidence of prior 
SARS-CoV-2 infection have generally increased with-
in age groups over variant epochs and in synchroni-
zation with increases in vaccination coverage. Those 
increases indicate a possible rise in protective immu-
nity within age groups in previously infected popula-
tions over the study period, likely resulting from in-
creases in vaccination coverage and reinfections. Our 
findings indicate that binding titers are acceptable in 
the absence of neutralizing titers in a clinical setting. 
In addition, our findings demonstrate the contribu-
tion of SARS-CoV-2 serologic surveys incorporating 
measures beyond seroprevalence for understanding 
immunity. Future serologic surveillance of infectious 
diseases would benefit from the incorporation of 
binding and neutralizing antibody titers. As the US 
population approaches 100% seroprevalence, those 
measures could help identify populations with less 
immunity to serve with vaccination campaigns.

Acknowledgments
We thank the following Labcorp team members for their 
contributions: Monique Bastidas, Manory Fernando,  
Terri Wrin, Suqin Cai, Dot Adcock, Deborah Sesok-Pizzini, 
and Stanley Letovsky. We would also like to thank Amy J. 
Schuh and L. Clifford McDonald for their contributions.

This work was supported by the Centers for Disease  
Control and Prevention, Atlanta, Georgia, USA.

About the Author
Dr. Bratcher is an Epidemic Intelligence Service officer at 
the Centers for Disease Control and Prevention, Atlanta, 
GA, USA. Her research interests include the study of large 
healthcare data sets with a focus on emerging infectious 
disease, vaccination, and health equity. 

References
  1.	 Rostami A, Sepidarkish M, Leeflang MMG, Riahi SM, 

Nourollahpour Shiadeh M, Esfandyari S, et al. SARS-CoV-2 
seroprevalence worldwide: a systematic review and  
meta-analysis. Clin Microbiol Infect. 2021;27:331–40.  
https://doi.org/10.1016/j.cmi.2020.10.020

  2.	 Bobrovitz N, Arora RK, Cao C, Boucher E, Liu M,  
Donnici C, et al. Global seroprevalence of SARS-CoV-2  
antibodies: a systematic review and meta-analysis. PLoS 
One. 2021;16:e0252617. https://doi.org/10.1371/ 
journal.pone.0252617

  3.	 Lai C-C, Wang J-H, Hsueh P-R. Population-based  
seroprevalence surveys of anti–SARS-CoV-2 antibody:  
an up-to-date review. Int J Infect Dis. 2020;101:314–22. 
https://doi.org/10.1016/j.ijid.2020.10.011

  4.	 Arora RK, Joseph A, Van Wyk J, Rocco S, Atmaja A, May E,  
et al. SeroTracker: a global SARS-CoV-2 seroprevalence  
dashboard. Lancet Infect Dis. 2021;21:e75–6. https://doi.org/ 
10.1016/S1473-3099(20)30631-9

  5.	 Wei J, Pouwels KB, Stoesser N, Matthews PC, Diamond I, 
Studley R, et al.; COVID-19 Infection Survey team. Antibody 
responses and correlates of protection in the general  
population after two doses of the ChAdOx1 or BNT162b2 
vaccines. Nat Med. 2022;28:1072–82. https://doi.org/ 
10.1038/s41591-022-01721-6

  6.	 Arkhipova-Jenkins I, Helfand M, Armstrong C, Gean E,  
Anderson J, Paynter RA, et al. Antibody response after 
SARS-CoV-2 infection and implications for immunity:  
a rapid living review. Ann Intern Med. 2021;174:811–21. 
https://doi.org/10.7326/M20-7547

  7.	 Qaseem A, Yost J, Etxeandia-Ikobaltzeta I, Forciea MA,  
Abraham GM, Miller MC, et al.; Scientific Medical Policy 
Committee of the American College of Physicians; Scientific 
Medical Policy Committee of the American College of  
Physicians. What is the antibody response and role in  
conferring natural immunity after SARS-CoV-2 infection? 
Rapid, living practice points from the American College of 
Physicians (version 2). Ann Intern Med. 2022;175:556–65. 
https://doi.org/10.7326/M21-3272

  8.	 Buss L, Prete CA Jr, Whittaker C, Salomon T, Oikawa MK, 
Pereira RHM, et al. Predicting SARS-CoV-2 variant spread in 
a completely seropositive population using semi-quantitative 
antibody measurements in blood donors. Vaccines (Basel). 
2022;10:1437. https://doi.org/10.3390/vaccines10091437

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 11, November 2024	 2359

https://doi.org/10.1016/j.cmi.2020.10.020
https://doi.org/10.1371/journal.pone.0252617
https://doi.org/10.1371/journal.pone.0252617
https://doi.org/10.1016/j.ijid.2020.10.011
https://doi.org/10.1016/S1473-3099(20)30631-9
https://doi.org/10.1016/S1473-3099(20)30631-9
https://doi.org/10.1038/s41591-022-01721-6
https://doi.org/10.1038/s41591-022-01721-6
https://doi.org/10.7326/M20-7547
https://doi.org/10.7326/M21-3272
https://doi.org/10.3390/vaccines10091437
http://www.cdc.gov/eid


RESEARCH

  9.	 Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, 
Juno JA, et al. Neutralizing antibody levels are highly  
predictive of immune protection from symptomatic  
SARS-CoV-2 infection. Nat Med. 2021;27:1205–11. https://
doi.org/10.1038/s41591-021-01377-8

10.	 Schuh AJ, Satheshkumar PS, Dietz S, Bull-Otterson L, 
Charles M, Edens C, et al. SARS-CoV-2 convalescent sera 
binding and neutralizing antibody concentrations compared 
with COVID-19 vaccine efficacy estimates against  
symptomatic infection. Microbiol Spectr. 2022;10:e0124722. 
https://doi.org/10.1128/spectrum.01247-22

11.	 Earle KA, Ambrosino DM, Fiore-Gartland A, Goldblatt D, 
Gilbert PB, Siber GR, et al. Evidence for antibody as a  
protective correlate for COVID-19 vaccines. Vaccine. 2021; 
39:4423–8. https://doi.org/10.1016/j.vaccine.2021.05.063

12.	 Gilbert PB, Donis RO, Koup RA, Fong Y, Plotkin SA,  
Follmann D. A Covid-19 milestone attained—a correlate 
of protection for vaccines. N Engl J Med. 2022;387:2203–6. 
https://doi.org/10.1056/NEJMp2211314

13.	 Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, 
Klein J, et al.; Yale IMPACT Research Team. Sex differences 
in immune responses that underlie COVID-19 disease  
outcomes. Nature. 2020;588:315–20. https://doi.org/ 
10.1038/s41586-020-2700-3

14.	 Crotty S. Hybrid immunity. Science. 2021;372:1392–3. 
https://doi.org/10.1126/science.abj2258

15.	 Buss LF, Prete CA, Whittaker C, Salomon T, Oikawa MK, 
Pereira RHM, et al. Predicting SARS-CoV-2 variant spread in 
a completely seropositive population using semi-quantitative 
antibody measurements in blood donors. Vaccines (Basel). 
2022;10:1437. https://doi.org/10.3390/vaccines10091437

16.	 Choudhary HR, Parai D, Dash GC, Peter A, Sahoo SK, 
Pattnaik M, et al. IgG antibody response against  
nucleocapsid and spike protein post-SARS-CoV-2 infection. 
Infection. 2021;49:1045–8. https://doi.org/10.1007/ 
s15010-021-01651-4

17.	 Wiegand RE, Deng Y, Deng X, Lee A, Meyer WA III, 
Letovsky S, et al. Estimated SARS-CoV-2 antibody  
seroprevalence trends and relationship to reported case 
prevalence from a repeated, cross-sectional study in the 50 
states and the District of Columbia, United States— 
October 25, 2020–February 26, 2022. Lancet Reg Health Am. 
2023;18:100403. https://doi.org/10.1016/j.lana.2022.100403

18.	 Bajema KL, Wiegand RE, Cuffe K, Patel SV, Iachan R, Lim T,  
et al. Estimated SARS-CoV-2 seroprevalence in the US as 
of September 2020. JAMA Intern Med. 2021;181:450–60. 
https://doi.org/10.1001/jamainternmed.2020.7976

19.	 Muecksch F, Wise H, Batchelor B, Squires M, Semple E, 
Richardson C, et al. Longitudinal serological analysis and 
neutralizing antibody levels in coronavirus disease 2019 
convalescent patients. J Infect Dis. 2021;223:389–98.  
https://doi.org/10.1093/infdis/jiaa659

20.	 Favresse J, Eucher C, Elsen M, Gillot C, Van Eeckhoudt S, 
Dogné J-M, et al. Persistence of anti–SARS-CoV-2 antibodies 
depends on the analytical kit: a report for up to 10 months 
after infection. Microorganisms. 2021;9:556. https://doi.org/ 
10.3390/microorganisms9030556

21.	 Kappelman MD, Weaver KN, Boccieri M, Firestine A,  
Zhang X, Long MD, et al.; PREVENT-COVID Study Group. 
Humoral immune response to messenger RNA COVID-19 
vaccines among patients with inflammatory bowel disease. 
Gastroenterology. 2021;161:1340–3.e2. https://doi.org/ 
10.1053/j.gastro.2021.06.016

22.	 Huang Y, Borisov O, Kee JJ, Carpp LN, Wrin T, Cai S, et al. 
Calibration of two validated SARS-CoV-2 pseudovirus  
neutralization assays for COVID-19 vaccine evaluation. Sci 

Rep. 2021;11:23921. https://doi.org/10.1038/s41598-021-
03154-6

23.	 Markmann AJ, Giallourou N, Bhowmik DR, Hou YJ,  
Lerner A, Martinez DR, et al. Sex disparities and  
neutralizing-antibody durability to SARS-CoV-2 infection 
in convalescent individuals. MSphere. 2021;6:e00275-21. 
https://doi.org/10.1128/mSphere.00275-21

24.	 US Census Bureau. Measuring America’s people, places, and 
economy [cited 2024 Aug 20]. https://www.census.gov/
data/datasets/time-series/demo/popest/2020s-national-
detail.html

25.	 Centers for Disease Control and Prevention. COVID data 
tracker: monitoring variant proportions [cited 2023 Jan 13]. 
https://covid.cdc.gov/covid-data-tracker

26.	 Centers for Disease Control and Prevention. COVID-19  
vaccination demographics in the United States, national 
[cited 2023 Jan 13]. https://data.cdc.gov/Vaccinations/
COVID-19-Vaccination-Demographics-in-the-United-St/
km4m-vcsb

27.	 Shi AC, Ren P. SARS-CoV-2 serology testing: progress  
and challenges. J Immunol Methods. 2021;494:113060. 
https://doi.org/10.1016/j.jim.2021.113060

28.	 Younes N, Al-Sadeq DW, Al-Jighefee H, Younes S,  
Al-Jamal O, Daas HI, et al. Challenges in laboratory 
diagnosis of the novel coronavirus SARS-CoV-2. Viruses. 
2020;12:582. https://doi.org/10.3390/v12060582

29.	 Johnson AG, Linde L, Ali AR, DeSantis A, Shi M, Adam C,  
et al. COVID-19 incidence and mortality among  
unvaccinated and vaccinated persons aged >12 years by  
receipt of bivalent booster doses and time since vaccination— 
24 U.S. jurisdictions, October 3, 2021–December 24, 2022. 
MMWR Morb Mortal Wkly Rep. 2023;72:145–52.  
https://doi.org/10.15585/mmwr.mm7206a3

30.	 Khoury DS, Schlub TE, Cromer D, Steain M, Fong Y,  
Gilbert PB, et al. Correlates of protection, thresholds of  
protection, and immunobridging among persons with  
SARS-CoV-2 infection. Emerg Infect Dis. 2023;29:381–8. 
https://doi.org/10.3201/eid2902.221422

31.	 Bag Soytas R, Cengiz M, Islamoglu MS, Borku Uysal B,  
Yavuzer S, Yavuzer H. Antibody responses to COVID-19 
vaccines in older adults. J Med Virol. 2022;94:1650–4. 
https://doi.org/10.1002/jmv.27531

32.	 Soeorg H, Jõgi P, Naaber P, Ottas A, Toompere K, Lutsar I. 
Seroprevalence and levels of IgG antibodies after COVID-19 
infection or vaccination. Infect Dis (Lond). 2022;54:63–71. 
https://doi.org/10.1080/23744235.2021.1974540

33.	 Müller L, Andrée M, Moskorz W, Drexler I, Walotka L, 
Grothmann R, et al. Age-dependent immune response  
to the Biontech/Pfizer BNT162b2 coronavirus disease  
2019 vaccination. Clin Infect Dis. 2021;73:2065–72.  
https://doi.org/10.1093/cid/ciab381

34.	 Klein NP. Added benefit of Covid-19 vaccination after  
previous infection. N Engl J Med. 2022;386:1278–9.  
https://doi.org/10.1056/NEJMe2201380

35.	 Lewis N, Chambers LC, Chu HT, Fortnam T, De Vito R, 
Gargano LM, et al. Effectiveness associated with vaccination 
after COVID-19 recovery in preventing reinfection. JAMA 
Netw Open. 2022;5:e2223917. https://doi.org/10.1001/ 
jamanetworkopen.2022.23917

36.	 Siddiqui SM, Bowman KA, Zhu AL, Fischinger S, Beger S, 
Maron JS, et al. Serological markers of SARS-CoV-2  
reinfection. MBio. 2022;13:e0214121. https://doi.org/10.1128/ 
mbio.02141-21

37.	 Centers for Disease Control and Prevention. The changing 
threat of COVID-19 [cited 2024 Aug 23]. https://www.cdc.
gov/ncird/whats-new/changing-threat-covid-19.html

2360	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 11, November 2024

https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1128/spectrum.01247-22
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1056/NEJMp2211314
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.1126/science.abj2258
https://doi.org/10.3390/vaccines10091437
https://doi.org/10.1007/s15010-021-01651-4
https://doi.org/10.1007/s15010-021-01651-4
https://doi.org/10.1016/j.lana.2022.100403
https://doi.org/10.1001/jamainternmed.2020.7976
https://doi.org/10.1093/infdis/jiaa659
https://doi.org/10.3390/microorganisms9030556
https://doi.org/10.3390/microorganisms9030556
https://doi.org/10.1053/j.gastro.2021.06.016
https://doi.org/10.1053/j.gastro.2021.06.016
https://doi.org/10.1038/s41598-021-03154-6
https://doi.org/10.1038/s41598-021-03154-6
https://doi.org/10.1128/mSphere.00275-21
https://www.census.gov/data/datasets/time-series/demo/popest/2020s-national-detail.html
https://www.census.gov/data/datasets/time-series/demo/popest/2020s-national-detail.html
https://www.census.gov/data/datasets/time-series/demo/popest/2020s-national-detail.html
https://covid.cdc.gov/covid-data-tracker
https://data.cdc.gov/Vaccinations/COVID-19-Vaccination-Demographics-in-the-United-St/km4m-vcsb
https://data.cdc.gov/Vaccinations/COVID-19-Vaccination-Demographics-in-the-United-St/km4m-vcsb
https://data.cdc.gov/Vaccinations/COVID-19-Vaccination-Demographics-in-the-United-St/km4m-vcsb
https://doi.org/10.1016/j.jim.2021.113060
https://doi.org/10.3390/v12060582
https://doi.org/10.15585/mmwr.mm7206a3
https://doi.org/10.3201/eid2902.221422
https://doi.org/10.1002/jmv.27531
https://doi.org/10.1080/23744235.2021.1974540
https://doi.org/10.1093/cid/ciab381
https://doi.org/10.1056/NEJMe2201380
https://doi.org/10.1001/jamanetworkopen.2022.23917
https://doi.org/10.1001/jamanetworkopen.2022.23917
https://doi.org/10.1128/mbio.02141-21
https://doi.org/10.1128/mbio.02141-21
https://www.cdc.gov/ncird/whats-new/changing-threat-covid-19.html
https://www.cdc.gov/ncird/whats-new/changing-threat-covid-19.html
http://www.cdc.gov/eid


SARS-CoV-2 RBD and Neutralizing Antibody Titers

38.	 Peluso MJ, Takahashi S, Hakim J, Kelly JD, Torres L,  
Iyer NS, et al. SARS-CoV-2 antibody magnitude and  
detectability are driven by disease severity, timing, and 
assay. Sci Adv. 2021;7:eabh3409. https://doi.org/10.1126/
sciadv.abh3409

39.	 Coppeta L, Ferrari C, Somma G, Mazza A, D’Ancona U, 
Marcuccilli F, et al. Reduced titers of circulating  
anti–SARS-CoV-2 antibodies and risk of COVID-19 infection 
in healthcare workers during the nine months after  
immunization with the BNT162b2 mRNA vaccine.  
Vaccines (Basel). 2022;10:141. https://doi.org/10.3390/ 
vaccines10020141

40.	 Yan LN, Liu PP, Li XG, Zhou SJ, Li H, Wang ZY, et al.  
Neutralizing antibodies and cellular immune responses 
against SARS-CoV-2 sustained one and a half years after 

natural infection. Front Microbiol. 2022;12:803031.  
https://doi.org/10.3389/fmicb.2021.803031

41.	 Röltgen K, Boyd SD. Antibody and B cell responses to  
SARS-CoV-2 infection and vaccination: the end of the  
beginning. Annu Rev Pathol. 2024;19:69–97.  
https://doi.org/10.1146/annurev-pathmechdis-031521-042754

42.	 Springer DN, Camp JV, Aberle SW, Deutsch J, Lammel O, 
Weseslindtner L, et al. Neutralization of SARS-CoV-2  
Omicron XBB.1.5 and JN.1 variants after COVID-19  
booster-vaccination and infection. J Med Virol. 
2024;96:e29801. https://doi.org/10.1002/jmv.29801

Address for correspondence: Anna Bratcher, Centers for Disease 
Control and Prevention, 1600 Clifton Rd NE, Mailstop H21-8, 
Atlanta, GA 30329-4018, USA; email: tqx5@cdc.gov

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 11, November 2024	 2361

®

Respiratory Infections

To revisit the June 2024 issue, go to:
https://wwwnc.cdc.gov/eid/articles/issue/30/6/table-of-contents

• �Decolonization and Pathogen  
Reduction Approaches to Prevent  
Antimicrobial Resistance and  
Healthcare-Associated Infections  

• �Deciphering Unexpected Vascular  
Locations of Scedosporium spp. and 
Lomentospora prolificans Fungal  
Infections, France  

• �Severe Human Parainfluenza Virus 
Community- and Healthcare-
Acquired Pneumonia in Adults at 
Tertiary Hospital, Seoul, South Korea, 
2010–2019  

• �Carbapenem-Resistant and  
Extended-Spectrum β-Lactamase– 
Producing Enterobacterales in  
Children, United States, 2016–2020  

• �Chest Radiograph Screening for  
Detecting Subclinical Tuberculosis  
in Asymptomatic Household  
Contacts, Peru  

• �Yersinia ruckeri Infection and 
Enteric Redmouth Disease among 
Endangered Chinese Sturgeons, 
China, 2022  

• �Outbreak of Highly Pathogenic Avian 
Influenza A(H5N1) Virus in Seals,  
St. Lawrence Estuary, Quebec, 
Canada  

• �Estimates of SARS-CoV-2 Hospitalization 
and Fatality Rates in the  
Prevaccination Period, United States  

• �Trends in Nationally Notifiable  
Infectious Diseases in Humans and 
Animals during COVID-19 Pandemic, 
South Korea  

• �Incubation Period and Serial Interval  
of Mpox in 2022 Global Outbreak  
Compared with Historical Estimates  

• �Molecular Identification of Fonsecaea 
monophora, Novel Agent of Fungal 
Brain Abscess  

• �SARS-CoV-2 Disease Severity and 
Cycle Threshold Values in Children 
Infected during Pre-Delta, Delta, and 
Omicron Periods, Colorado, USA, 
2021–2022  

• �Lack of Transmission of Chronic  
Wasting Disease Prions to Human 
Cerebral Organoids 

• �Introduction of New Dengue Virus 
Lineages of Multiple Serotypes after 
COVID-19 Pandemic, Nicaragua, 2022  

• �Autochthonous Plasmodium vivax 
Infections, Florida, USA, 2023  

• �Evolution and Antigenic Differentiation 
of Avian Influenza A(H7N9) Virus, 
China  

• �Electronic Health Record–Based  
Algorithm for Monitoring Respiratory 
Virus–Like Illness 

• �Concurrent Infection with Clade 
2.3.4.4b Highly Pathogenic Avian 
Influenza H5N6 and H5N1 Viruses, 
South Korea, 2023  

• �Emergence of Group B Streptococcus 
Disease in Pigs and Porcupines, Italy  

Infection- and Vaccine-Induced  
SARS-CoV-2 Seroprevalence,  
Japan, 2023  

June 2024

https://doi.org/10.1126/sciadv.abh3409
https://doi.org/10.1126/sciadv.abh3409
https://doi.org/10.3390/vaccines10020141
https://doi.org/10.3390/vaccines10020141
https://doi.org/10.3389/fmicb.2021.803031
https://doi.org/10.1146/annurev-pathmechdis-031521-042754
https://doi.org/10.1002/jmv.29801
mailto:tqx5@cdc.gov
http://www.cdc.gov/eid

