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In the United States, as in many countries, conve-
nience sample serosurveillance studies (e.g., in 

blood donors) have demonstrated that most of the 
population has SARS-CoV-2 antibodies from vaccina-
tion, infection, or both (1–3). Therefore, continued sur-
veillance using serologic tests requires robust detec-
tion of first infections in vaccinated persons (infection 
after vaccination) and reinfections to yield meaningful 
estimates of infection incidence. Serologic detection of 
nucleocapsid antibodies has been a critical tool to de-
tect previous SARS-CoV-2 infection and discriminate 
between vaccine- and infection-induced antibody re-
activity in the context of spike-based vaccines.

The National Blood Donor Cohort (NBDC), a lon-
gitudinal study sponsored by the Centers for Disease 
Control and Prevention (CDC), was conducted in part-
nership with the 2 largest US blood collectors (Vitalant 
and the American Red Cross) and their central testing 
laboratory Creative Testing Solutions (M. Stone et al., 
unpub. data). We classified participating donors into 
4 groups on the basis of infection and vaccination sta-
tus as of mid-2021: not previously infected or vacci-
nated, previously infected, previously vaccinated, or 
both previously infected and vaccinated. An earlier 
iteration of this program (the National Blood Donor 
Serosurvey) conducted serial monthly cross-sectional  
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Nucleocapsid antibody assays can be used to estimate 
SARS-CoV-2 infection prevalence in regions implementing 
spike-based COVID-19 vaccines. However, poor sensitiv-
ity of nucleocapsid antibody assays in detecting infection 
after vaccination has been reported. We derived a lower 
cutoff for identifying previous infections in a large blood do-
nor cohort (N = 142,599) by using the Ortho VITROS Anti-
SARS-CoV-2 Total-N Antibody assay, improving sensitivity 
while maintaining specificity >98%. We validated sensitiv-
ity in samples donated after self-reported swab-confirmed 

infection diagnoses. Sensitivity for first infections in unvac-
cinated donors was 98.1% (95% CI 98.0–98.2) and for in-
fection after vaccination was 95.6% (95% CI 95.6–95.7) 
based on the standard cutoff. Regression analysis showed 
sensitivity was reduced in the Delta compared with Omi-
cron period, in older donors, in asymptomatic infections, 
<30 days after infection, and for infection after vaccination. 
The standard Ortho N antibody threshold demonstrated 
good sensitivity, which was modestly improved with the 
revised cutoff.
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serosurveys during July 2020–December 2021 (4–6) 
to provide population-weighted seroprevalence esti-
mates. However, because vaccination rates increased 
in 2021, the percentage of donations with vaccine-
induced, infection-induced, or both vaccine-induced 
and infection-induced spike antibody reactivity ap-
proached 95%, and rates of infection-induced N an-
tibody reactivity exceeded 75% in the United States 
by the end of 2022 (1,7), thus diminishing the value 
of cross-sectional serosurveillance. Important objec-
tives of the NBDC included continued monitoring 
of SARS-CoV-2 infection incidence and vaccine- and 
infection-induced seroprevalence in the context of en-
demic SARS-CoV-2 transmission and increasing fre-
quency of infection after vaccination and reinfections 
(M. Stone et al., unpub. data).

Several studies have suggested that the sensitivity 
of nucleocapsid antibody serologic tests for detecting 
previous SARS-CoV-2 infection is reduced in vaccinat-
ed persons compared with unvaccinated persons (8–10; 
H.J. Whitaker et al., unpub. data, https://doi.org/ 
10.1101/2021.10.25.21264964). Significantly reduced nu-
cleocapsid antibody reactivity has been reported in pre-
viously vaccinated persons with PCR-confirmed infec-
tions compared with infections in unvaccinated persons 
(H.J. Whitaker et al., unpub. data). Moderna mRNA 
vaccine trial data showed lower rates of nucleocapsid 
antibody seropositivity after PCR-confirmed infection 
among vaccine recipients compared with placebo re-
cipients (40.4% vs. 93.4%) (8). A blunted nucleocapsid 
antibody response for infection after vaccination, and 
consequently reduced sensitivity of nucleocapsid an-
tibody serology, may result from suppression of viral 
replication attributable to existing spike antibodies and 
an associated anamnestic response (11). In addition, 
studies relying on nucleocapsid IgG detection (12) may 
be confounded by rapidly waning antibodies below the 
limit of detection (i.e., seroreversion) (13–16).

We previously demonstrated good performance 
of the Ortho VITROS Anti-SARS-CoV-2 Total N An-
tibody (Ortho nucleocapsid antibody) assay (Quidel 
Ortho, https://www.quidelortho.com) and Roche 
Elecsys NC Anti-SARS-CoV-2 (Roche nucleocapsid 
antibody) assay (Roche, https://www.roche.com) for 
serosurveillance applications, without differentiating 
infections in vaccinated and unvaccinated persons 
(17). In this study, to increase sensitivity while main-
taining high specificity for serologic detection of infec-
tion after vaccination, we derived a revised reactive 
versus nonreactive cutoff for those assays. In addition, 
for the Ortho nucleocapsid antibody assay we sought 
to validate the sensitivity of both the manufacturer’s  
recommended and our revised cutoff for identifying 

first infections in vaccinated and unvaccinated do-
nors who self-reported swab-confirmed infections. 
We then assessed factors influencing detection of nu-
cleocapsid antibodies and assessed the durability of 
antibody detection after primary infection.

Materials and Methods

Study Population
We identified repeat blood donors from 2 national 
blood collection organizations (Vitalant and Ameri-
can Red Cross) who had known prior SARS-CoV-2 in-
fection and COVID-19 vaccination status determined 
during June 2020–July 2021, when all donations were 
tested for SARS-CoV-2 antibodies and donors report-
ed vaccination status at the time of donation. Eligible 
donors were those presenting >2× during the screen-
ing period and meeting all blood donor eligibil-
ity criteria. The NBDC includes 142,599 repeat blood 
donors. We based eligibility screening on donations 
tested with Ortho VITROS Anti-SARS-CoV-2 (spike)  
antibody assay and Roche nucleocapsid antibody 
assay, and we retained all spike antibody–reactive 
samples (5,6,18,19). During follow-up from July 2021 
through December 2022, we identified donation spec-
imens in real time and stored them frozen at –20°C. 
In 2022, we tested 1 donation specimen per donor per 
quarter by using the Ortho VITROS Anti-SARS-CoV-2 
IgG Quantitative Test and the Ortho nucleocapsid 
antibody assay at Creative Testing Solutions and Vi-
talant Research Institute. We captured self-reported 
vaccination status at each donation as part of routine 
donation procedures. We invited all cohort donors to 
respond to electronic surveys on vaccination history, 
infection history, and clinical outcomes of infections; 
the overall response rate was 46.5%. NBDC seroprev-
alence estimates have been published (1).

Analysis and Statistical Methods
We conducted all analyses by using the SAS System 
version 9.4 (SAS Institute, https://www.sas.com). In 
total, we conducted 6 specific statistical analyses.

Derivation of Revised Nonreactive versus Reactive  
Cutoff for Ortho Nucleocapsid Antibody Assay
To detect infections serologically with optimal sensi-
tivity, we derived a revised cutoff by using receiver 
operating characteristic (ROC) curve analysis (Appen-
dix, https://wwwnc.cdc.gov/EID/article/30/8/24-
0659-App1.pdf). We consequently defined gray zone 
reactivity as reactivity above the revised threshold 
and below the standard threshold (0.395<signal-to-
cutoff ratio [S/CO]<1.0).

http://www.cdc.gov/eid
https://doi.org/10.1101/2021.10.25.21264964
https://doi.org/10.1101/2021.10.25.21264964
https://www.quidelortho.com
https://www.roche.com
https://www.sas.com
https://wwwnc.cdc.gov/EID/article/30/8/24-0659-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/8/24-0659-App1.pdf
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Effect of Vaccination Status on Nucleocapsid  
Antibody Reactivity
To assess whether first infections after vaccination 
were associated with reduced postinfection nucleo-
capsid antibody reactivity compared with first infec-
tions in unvaccinated donors, we evaluated Ortho 
nucleocapsid antibody assay reactivity distributions 
after infection in 2 groups: serologically identified 
putative first infections, defined as the first donation 
sample for each donor in which nucleocapsid anti-
body reactivity was above the revised cutoff, among 
all donors in the NBDC; and first survey-reported 
swab-confirmed infections. For the first group, we 
based vaccination status on self-report at the time of 
donation. For the second group, we defined swab-
confirmed infections as infections confirmed by 
viral antigen or PCR testing or by physician diag-
nosis (presumed positive swab-based test) and vac-
cination status at the time of infection on survey-re-
ported vaccinations. For both groups, we stratified 
donation samples by vaccination status (vaccinated 
vs. unvaccinated) at the time of infection and by pe-
riod (the Delta variant era, July–December 2021, vs. 
the Omicron era, January–December 2022 [20]) and 
stratified them further by quarter. We calculated the 
proportions of donation samples with reactivity in 
the gray zone for each group.

Sensitivity of Manufacturer’s Recommended and  
Revised Cutoffs for Detection of First Infections
To validate sensitivity, we identified survey-report-
ed swab-confirmed first SARS-CoV-2 infections. We 
classified an infection as occurring in an unvaccinated 
donor if the donor had not reported any vaccination 
before the date of diagnosed infection, and we de-
fined an infection as infection after vaccination if it 
occurred >14 days after completion of an approved 
primary vaccination series (1 dose of the J&J/Jans-
sen vaccine [https://www.jnj.com] or 2 doses of ei-
ther the Pfizer-BioNtech [https://www.pfizer.com] 
or Moderna [https://www.modernatx.com] mRNA 
vaccines). For cases to be included in this analysis, >1 
donation sample had to have been collected 14–180 
days after diagnosis with no prior nucleocapsid an-
tibody reactivity above the standard cutoff. We iden-
tified a total of 2,751 swab-confirmed first infections 
in unvaccinated donors and 8,187 swab-confirmed 
first infections that were infection after vaccination. 
For a secondary, more restrictive analysis, we only 
included infection after vaccination if a postvaccina-
tion spike antibody–reactive, nucleocapsid antibody–
nonreactive sample had been collected before infec-
tion, demonstrating vaccine-induced spike antibodies 

seroconversion in the absence of infection-induced  
nucleocapsid antibodies. We excluded infections oc-
curring after only 1 mRNA vaccination dose or <14 
days after completion of a vaccination series. We 
identified 5,079 infection after vaccination cases for 
this analysis. We included only 1 postinfection sam-
ple per case in either analysis.

We estimated the sensitivity of both the manufac-
turer’s recommended and our revised cutoffs on the 
Ortho nucleocapsid antibody assay in first donation 
samples after swab-confirmed infection, stratified by 
vaccination status of the donor at the time of infection. 
In addition, we stratified infections according to the 
variant era (Delta period vs. Omicron period), donor 
age (<65 years vs. >65 years), and whether the infec-
tion was associated with >1 self-reported symptom. 
We defined sensitivity as the proportion of samples 
that were reactive and calculated 95% CIs by using 
the Wilson score method. We assessed differences in 
sensitivity for different strata by using the binomial 
exact test. We assessed differences in sensitivity as-
sociated with different cutoffs computed on the same 
stratum by computing a p value for the difference in 
the Youden’s J statistic associated with each cutoff.

Factors Associated with Nucleocapsid Antibody 
Seroconversion after Swab-Confirmed Infection
We performed bivariate and multivariable logistic 
regression to assess the effect of vaccination status, 
timing of sample collection relative to infection, do-
nor demographics (age and sex), presence of symp-
toms, and variant era on nucleocapsid antibody de-
tection. We included samples collected <14 days or 
>180 days after swab-confirmed infection because 
the model adjusted for time from infection to sam-
ple collection. We computed unadjusted odds ratios 
(ORs) and adjusted odds ratios (aORs) from logistic 
regression. After assessing ORs, we combined the 
vaccination status and timing variables for the mul-
tivariable regression.

Durability of Nucleocapsid Antibody Detection
We assessed durability of nucleocapsid antibody de-
tection after primary infection in unvaccinated and 
vaccinated donors by examining the proportion of 
primary infections detectable by time from swab-
confirmed infection to sample collection (0–13, 14–30, 
31–60, 61–90, 91–180, 181–365, and >365 days). To ac-
count for multiple observations per time bin per do-
nor, we weighted observations so that donors were 
equally weighted within each time bin, regardless of 
the number of observations. We computed 95% CIs 
by using the Wilson score method.

http://www.cdc.gov/eid
https://www.jnj.com
https://www.pfizer.com
https://www.modernatx.com


RESEARCH

1624	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024

Effect of Adjustment for Nucleocapsid Antibody  
Sensitivity on Seroprevalence Estimates
To assess the potential effect of imperfect sensitivity 
and specificity on estimates of infection rates among 
vaccinated persons, we compared adjusted and un-
adjusted estimates of the proportion of vaccinated do-
nors (not previously infected) who experienced infec-
tion after vaccination during 3 periods in the NBDC: 
quarter (Q) 2 2021–Q1 2022, Q1–Q2 2022, and Q2–Q3 
2022. We cannot estimate the proportion of infections 
that were asymptomatic from survey data because di-
agnostic testing is largely driven by the presence of 
symptoms; therefore, for the purposes of this model, 
we used an estimated proportion of infections after 
vaccination that are asymptomatic of 32.4% (21). We 
then adjusted for a weighted average of symptomatic- 
and asymptomatic-specific sensitivity estimates and 
for specificity estimated using prepandemic samples. 
We computed the adjusted proportion of persons in-
fected during each period by using the estimator de-
rived by Rogan and Gladen (22), and we based 95% 
CIs on parametric bootstrapping (10,000 iterations) of 
the proportion of tests that were reactive, sensitivity, 
and specificity (treated as binomially distributed and 
incorporating the uncertainty arising from limited 
sample size).

Ethics Considerations
All blood donors consented to use of deidentified, 
residual specimens for further research purposes. 
Consistent with the policies and guidance of the Uni-
versity of California–San Francisco Institutional Re-
view Board, Vitalant Research Institute self-certified 
the use of deidentified donations in this study as not 
meeting the criteria for human subjects research. CDC 
investigators reviewed and relied on this determina-
tion as consistent with applicable federal law and 
CDC policy. The donor surveys conducted by Vital-
ant Research Institute and American Red Cross were 
conducted under protocols supervised and approved 
by the Advarra and American Red Cross institutional 
review boards, respectively, and linked to biospeci-
mens in deidentified form.

Results

Revised Cutoff for Detecting Previous Infection  
with Ortho Nucleocapsid Antibody Assay
The nonreactive versus reactive threshold on the 
Roche nucleocapsid antibody cutoff index that maxi-
mized Youden’s J statistic was >0.205, and this opti-
mized cutoff was used in defining cases for the Ortho 
ROC curve analysis. The ROC-optimized threshold 

on the Ortho nucleocapsid antibody assay was S/CO 
>0.395, which had a sensitivity of 98.7% and a speci-
ficity of 98.7% in the Ortho optimization sample set. 
The area under the ROC curve was 0.994 (Appendix).

Effect of Vaccination Status on Nucleocapsid  
Antibody Reactivity
We calculated distributions of Ortho nucleocapsid 
antibody assay S/COs in first longitudinal samples 
with reactivity above the revised cutoff (S/CO ≥0.395 
[i.e., putative first infections]) from previously unin-
fected donors (based on negative Ortho nucleocapsid 
antibody results [S/CO <0.395] in all previous longi-
tudinal samples), by vaccination status and variant 
era (Figure 1). 

During the Delta era, 35.2% of serologically iden-
tified infections after vaccination showed gray zone 
reactivity (0.395<S/CO< 1.0) compared with 7.5% of 
serologically identified primary infections in unvac-
cinated donors, declining to 3.8% for infections after 
vaccination and 2.7% for primary infections in un-
vaccinated donors by Q4 2022 (Omicron period Q4) 
(Figure 1, panel A). Among survey respondents with 
swab-confirmation infection, we did not observe a 
similar increased proportion of gray zone nucleocap-
sid antibody reactivity in the Delta period; most had 
reactivity above the standard cutoff (Figure 1, panel 
B). The donation specimens (Figure 1, panel B) corre-
spond to the specimens used in assessing sensitivity 
for the 2 cutoffs.

Sensitivity for Detection of Swab-Confirmed  
Primary Infections
Overall sensitivity of the Ortho nucleocapsid anti-
body assay manufacturer’s cutoff was 98.1% (95% CI 
98.0%–98.2%) for detection of first infections in un-
vaccinated donors and 95.6% (95% CI 95.6%–95.7%) 
for detection of first infections after vaccination (Ta-
ble). Sensitivity was increased when using the re-
vised cutoff, to 98.4% (95% CI 98.4%–98.5%) in unvac-
cinated donors and to 97.0% (95% CI 96.9%–97.0%) 
for infections after vaccination. Although sensitivity 
is necessarily increased by reducing the cutoff from 
the manufacturer’s suggestion, Youden’s J index is 
not statistically improved by the reduced cutoff (p 
= 0.13 based on a 1-tailed test). Sensitivity for detec-
tion of infection after vaccination using the standard 
cutoff was higher during the Omicron era (96.0% 
[95% CI 95.9%–96.0%) than the Delta era (93.9% [95% 
CI 93.5%–95.4%]; p = 0.001) and was higher for de-
tecting symptomatic than asymptomatic infections 
after vaccination (96.2% [95% CI 96.1%–96.2%] vs. 
90.1% [95% CI 88.5%–91.7%]; p<0.0001). A secondary  

http://www.cdc.gov/eid
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sensitivity analysis using a more restrictive case defi-
nition of infection after vaccination, which required 
spike antibody seroconversion after vaccination, 
showed similar patterns (Appendix Table 1).

Factors Associated with Nucleocapsid Antibody  
Seroconversion after Swab-Confirmed Infection
On first samples collected after first swab-confirmed 
infection, bivariate logistic regression showed that 
infection during the Delta era, age <65 years, female 
sex, symptomatic infection, being unvaccinated at the 
time of infection, longer time between vaccination 
and infection, and longer intervals between infection 
and sample collection were all statistically significant-
ly associated with increased probability of detection 
(Figure 2; Appendix Table 2). Of note, the percentage 
detected in all time to sample categories, other than 
donation samples collected <14 days postinfection 
(dpi) (48.9%), ranged from 87.7% to 98.1%.

In multivariable logistic regression, infection 
during the Delta period (vs. Omicron period) re-
mained statistically significant, but the direction of 
effect changed to reduced detection (aOR 0.80 [95% 
CI 0.66–0.98]) from increased detection in bivariate 
analysis (OR 1.51 [95% CI 1.28–1.78]), possibly be-
cause variant era (calendar time) is also strongly as-
sociated with vaccination status. Younger age groups 
had higher odds of detection than donors >65 years 
of age, whereas donor sex was not significantly as-
sociated with detection in the multivariable analysis. 
Asymptomatic infection was significantly associated 
with reduced detection (aOR 0.46, 95% CI 0.37–0.57). 
Being vaccinated at the time of infection significantly 
reduced detection compared with being unvaccinated 
(aORs <1), with the exception of primary vaccination 
<30 days before infection, which was not statistically 
significant. Vaccination reduced detection compared 
with no vaccination, and more recent receipt of ei-
ther a primary vaccination series (31–180 days before  

infection) or a booster vaccination (<30 days or 31–180 
days before infection) was associated with reduced 
odds of detection than when infections occurred >180 
days since the most recent vaccine. Compared with 
sample collection 31–90 dpi, sample collection <14 
days (aOR  0.04 [95% CI 0.03–0.05]) and 14–30 days 
(aOR 0.34 [95% CI 0.28–0.40]) after infection were 
associated with greatly reduced detection, whereas 
sample collection 3–6 months (aOR 1.79 [95% CI 1.40–
2.28]) or >7 months (aOR 2.19 [95% CI 1.44–3.35]) af-
ter infection were associated with increased detection 
(Figure 2; Appendix Table 2).

Durability of Nucleocapsid Antibody Detection
Nucleocapsid antibody reactivity was detected in 
less than half of specimens collected <14 dpi, >80% 
of specimens collected 14–30 dpi, and >90% of speci-
mens collected >90 dpi in donors who were vaccinat-
ed and unvaccinated at the time of infection. We ob-
served no decline in percentage detected in later time 
bins, including >1 year postinfection. The proportion 
detected was slightly lower in vaccinated donors and 
for asymptomatic infections at all times after infection 
(Figure 3).

Effect of Adjustment for Nucleocapsid Antibody  
Sensitivity on Seroprevalence Estimates
Estimates of the proportion of vaccinated donors who 
had become infected in each time period (using the 
nucleocapsid antibody test), adjusted for sensitivity 
and specificity, and assuming that 32.4% of infec-
tions were asymptomatic, differed little from unad-
justed estimates. Adjusted estimated infection rates 
increased in each period by 0.2–0.9 percentage points, 
or proportionally by 1.5%–4.0% (Appendix Table 3).

Discussion
Despite reports of sensitivity as low as 40% for se-
rologic detection of infection after vaccination (8), 

 
Table. Sensitivity of SARS-CoV-2 nucleocapsid antibody assay for detection of first infections in unvaccinated and vaccinated donors, 
United States, July 2021–December 2022* 

Characteristic 

Sensitivity for detection of first infections in 
unvaccinated donors 

  

Sensitivity for detection of first infections in 
vaccinated donors 

No. 
donors 

Manufacturer’s 
cutoff,† % (95% CI) 

Revised cutoff,‡ 
% (95% CI) 

No. 
donors 

Manufacturer’s 
cutoff,† % (95% CI) 

Revised cutoff,‡ 
% (95% CI) 

Overall 2,751 98.1 (98.0–98.2) 98.4 (98.4–98.5) 
 

8,187 95.6 (95.6–95.7) 97.0 (96.9–97.0) 
Delta: Jul–Dec 2021 1,343 98.4 (98.2–98.5) 98.5 (98.4–98.6) 

 
1,349 93.9 (93.5–94.4) 95.3 (94.9–95.6) 

Omicron: Jan–Dec 2022 1,408 97.9 (97.7–98.0) 98.4 (98.3–98.5) 
 

6,838 96.0 (95.9–96.0) 97.3 (97.3–97.4) 
Age <65 y 2,225 98.2 (98.1–98.2) 98.4 (98.4–98.5) 

 
5,194 96.2 (96.1–96.3) 97.3 (97.2–97.3) 

Age >65 y 526 97.9 (97.5–98.3) 98.5 (98.2–98.8) 
 

2,993 94.7 (94.5–94.9) 96.5 (96.4–96.6) 
Symptomatic§ 2,430 98.4 (98.3–98.4) 98.7 (98.7–98.8) 

 
7,416 96.2 (96.1–96.2) 97.5 (97.5–97.6) 

Asymptomatic§ 208 96.6 (95.0–98.3) 96.6 (95.0–98.3)   627 90.1 (88.5–91.7) 91.2 (89.8–92.6) 
*Proportion reactive in the first sample collected after reported swab-confirmed infection, collected 14 to 180 days postinfection. 
†Signal-to-cutoff ratio >1.000. 
‡Signal-to-cutoff ratio >0.395. 
§Symptomatic or asymptomatic status could not be ascertained for all infections because of incomplete survey responses. 
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our findings demonstrate sensitivity for detection of 
swab-confirmed first infections >98% among unvac-
cinated persons and >95% among vaccinated persons 
and supports use of the manufacturer’s recommend-
ed cutoff for identifying previous infections in vac-
cinated and unvaccinated persons. Timing of sample 
collection after infection affected sensitivity (we ob-
served poorer sensitivity <30 dpi); thus, timing of 
sample collection must be considered when interpret-
ing previous reports.

In our validation of sensitivity for detection of first 
infections, the number of infections in vaccinated do-
nors greatly exceeded those in unvaccinated donors in 
the study period, a function of high donor vaccination  

rates. This finding demonstrates the importance of 
sensitive detection of infection after vaccination in 
SARS-CoV-2 serosurveillance programs.

The revised cutoff for the Ortho nucleocapsid anti-
body assay offered minimal improvement in sensitiv-
ity to detect infection after vaccination compared with 
the manufacturer’s cutoff. Our ROC analysis equally 
weighted sensitivity and specificity, an approach ap-
propriate for surveillance applications, but potentially 
less appropriate for clinical applications prioritizing 
specificity. The revised cutoff was not associated with 
a statistical improvement in Youden’s J statistic and 
only minimally increased sensitivity. The effect of ad-
justing seroprevalence estimates in vaccinated NBDC 

Figure 1. Nucleocapsid antibody 
signal intensity distributions 
observed in vaccinated and 
unvaccinated blood donors after 
primary SARS-CoV-2 infection, 
United States, July 2021–
December 2022. A) Reactivity of 
putative serologically identified 
infections at the first longitudinal 
sample showing reactivity above 
the reduced cutoff (gray zone 
reactivity, S/CO ratio>0.395<1), 
by vaccination status and variant 
era (6,555 unvaccinated donors 
[left] and 22,217 vaccinated 
donors [right]). B) Reactivity 
at the first sample collected 
after self-reported swab-
confirmed infection (14–80 days 
postinfection), by vaccination 
status and variant era (2,751 
unvaccinated donors [left] and 
8,187 vaccinated donors [right]). 
Vertical dashed lines indicate 
the gray zone of nucleocapsid 
antibodies. Q1, January–March 
2022; Q2, April–June 2022; 
Q3, July–September 2022; Q4, 
October–December 2022. S/CO, 
signal-to-cutoff ratio. 

http://www.cdc.gov/eid
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Figure 2. Factors influencing nucleocapsid antibody seroconversion after swab-confirmed first SARS-CoV-2 infections among 
vaccinated and unvaccinated blood donors, United States, July 2021–December 2022. ORs and 95% CIs from logistic regression are 
shown. In the multivariable regression model (adjusted ORs), the categories for certain variables have been grouped together; the 
vaccination status at the time of infection and timing of most recent vaccine before infection were combined in the vaccination status or 
timing variable, and in the variable for time from infection to tested sample, the groups for samples collected 7–12 months and >1 year 
postinfection were combined. Number of samples in each group, the proportion of nucleocapsid antibody–reactive samples, and ORs 
are shown in Appendix Table 2 (https://wwwnc.cdc.gov/EID/article/30/8/24-0659-App1.pdf). OR, odds ratio; ref, referent.

donors for sensitivity and specificity was modest (Ap-
pendix Table 3), not exceeding a proportional effect of 
4% on point estimates. This finding indicates that the 
standard assay cutoff for infection after vaccination de-
tection performed sufficiently.

Recent receipt of primary or booster vaccina-
tions reduced the likelihood of nucleocapsid anti-
body seroconversion after infection. Multivariable 
regression showed that recent receipt of an addi-
tional vaccine (booster) dose was associated with 
reduced detection, but the timing of primary vac-
cination relative to infection affected detection less. 
A study in Japan showed similar results, indicating 
reduced sensitivity to detect infection within 1–2 
months of a third mRNA COVID-19 vaccine dose 
(sensitivity  78%) but high sensitivity for infections 
occurring >3 months after the second or >4 months 

after the third dose (23). The Moderna vaccine trial 
data (8) were selected for infections after vaccination 
occurring soon after vaccination and were collected 
relatively soon after infection, likely contributing 
to poor sensitivity in that study (8). Our data con-
firmed relatively poor sensitivity in specimens col-
lected within 1 month of infection.

Because much of the lack of detection observed in 
our study occurred at times soon after infection, a lon-
gitudinal cohort study probably would detect many 
of the infections missed at the first postinfection spec-
imen at later timepoints using specimens from those 
persons. Despite some waning of nucleocapsid anti-
body levels after infection, longer-term durability of 
antibody detection >1 year after infection confirmed 
earlier findings by our group of robust durability of 
detection using nucleocapsid direct antigen sandwich 
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assays(13).We observed substantially reduced detec-
tion in the first month after infection, especially dur-
ing the first 14 days, when <50% of recently infected 
persons demonstrated nucleocapsid antibody sero-
conversion but observed very good detection at later 
timepoints. Nucleocapsid IgG assays used in numer-
ous serosurveillance studies (14, 24–28) show more 
rapid waning in antibody signal than nucleocapsid 
total Ig assays (13) and thus require adjustments for 
seroreversion in estimating cumulative incidence (14). 
So-called direct immunoassays (i.e., antigen sandwich 
format total Ig assays), are more sensitive to increas-
ing antibody affinity than IgG assays, which probably 
explains the more durable reactivity associated with 
antibody maturation and persistence postinfection 
despite waning in IgG concentrations (29). Although 
rapidly waning IgG assays may be less appropriate for 
serosurveillance aimed at documenting cumulative  
incidence than total Ig assays, they may have advan-
tages for detecting reinfections based on antibody 
boosting and as correlates of protection (30).

A limitation of this study was that the case defini-
tion of infection in the validation data was based on 
self-reported diagnosed infection, without active sur-
veillance of the cohort for asymptomatic infection. As a 
result, most of survey-reported swab-confirmed infec-
tions in the validation set were associated with COV-
ID-19 symptoms (92%). In contrast, a meta-analysis of 
Omicron infections estimated that 32.4% of infections 
were asymptomatic (31). This limitation may result in a 
slight upward bias in our overall sensitivity estimates. 
However, we found that adjusting for sensitivity to 
detect symptomatic and asymptomatic infection after 
vaccination had a modest effect on seroprevalence es-
timates. A further limitation is that blood donors are 
not fully representative of the general population; they 
generally are healthier and more likely to be vaccinat-
ed and to receive additional doses (1,32). Furthermore, 
vaccination and infection history were self-reported 
in donor surveys and not confirmed by healthcare 
records; only 46.5% of cohort participants responded 
to surveys and could be included in this study, which 
may have resulted in a biased sample.

Our study demonstrates that detection of first 
SARS-CoV-2 infections using the Ortho nucleocapsid 
total Ig antibody assay was robust in vaccinated and 
unvaccinated donors, indicating overall sensitivities 
>95%. We also found good durability of nucleocap-
sid antibody detection for up to >1 year after infec-
tion. Seroprevalence studies using this assay can ac-
curately estimate the proportion of persons who have 
been infected with SARS-CoV-2 >1 times. Several 
factors affect the likelihood of nucleocapsid antibody 

Figure 3. Sensitivity of nucleocapsid antibody serologic tests 
by time from swab-confirmed infection to sample collection 
in vaccinated and unvaccinated blood donors, using the 
manufacturer’s recommended cutoff, United States, July 2021–
December 2022. The percentage of donors showing reactivity 
in first or subsequent samples after swab-confirmed infection is 
shown. A) Reactive proportions stratified by vaccination status 
at the time of infection. B) Infections in unvaccinated donors 
stratified by reported symptoms. C) Reactive proportions in 
unvaccinated donors with swab-confirmed infections stratified 
by reported symptoms. To account for multiple observations 
per time bin, observations were weighted so that donors were 
equally weighted within each time bin, regardless of the number 
of observations. Error bars indicate median and maximum 
durations of follow-up for each group.
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seroconversion after first infection, including receipt 
of primary and additional vaccinations, sampling 
shortly after infection, and asymptomatic infection, 
although the effect of these factors was relatively 
small. Revising the cutoff improved sensitivity only 
modestly; therefore, use of the manufacturer’s recom-
mended cutoff is likely appropriate for most serosur-
veillance studies.
This article was preprinted at https://www.medrxiv.org/
content/10.1101/2024.05.23.24307822v1.
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