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BACKGROUND: Laboratory-based methods for SARS-
CoV-2 antibody detection vary widely in performance.
However, there are limited prospectively-collected data
on assay performance, and minimal clinical information
to guide interpretation of discrepant results.

METHODS: Over a 2-week period, 1080 consecutive
plasma samples submitted for clinical SARS-CoV-2
IgG testing were tested in parallel for anti-nucleocap-
sid IgG (anti-N, Abbott) and anti-spike IgG (anti-S1,
EUROIMMUN). Chart review was conducted for
samples testing positive or borderline on either assay,
and for an age/sex-matched cohort of samples negative
by both assays. CDC surveillance case definitions
were used to determine clinical sensitivity/specificity
and conduct receiver operating characteristics curve
analysis.

RESULTS: There were 52 samples positive by both meth-
ods, 2 positive for anti-N only, 34 positive for anti-S1
only, and 27 borderline for anti-S1. Of the 34 individu-
als positive for anti-S1 alone, 8 (24%) had confirmed
COVID-19. No anti-S1 borderline cases were positive
for anti-N or had confirmed/probable COVID-19. The
anti-N assay was less sensitive (84.2% [95% CI 72.1-
92.5%] vs 94.7% [95% CI 85.4-98.9%]) but more spe-
cific (99.2% [95% CI 95.5-100%] vs 86.9% [95% CI
79.6-92.3%]) than anti-S1. Abbott anti-N sensitivity
could be improved to 96.5% with minimal effect on
specificity if the index threshold was lowered from 1.4
to 0.6.

CONCLUSION: Real-world concordance between differ-
ent serologic assays may be lower than previously
described in retrospective studies. These findings have
implications for the interpretation of SARS-CoV-2 IgG

results, especially with the advent of spike antigen-
targeted vaccination, as a subset of patients with true
infection are anti-N negative and anti-S1 positive.

Introduction

At the conclusion of 2019, the emergence of a novel co-
ronavirus, severe acute respiratory syndrome coronavi-
rus-2 (SARS-CoV-2), brought about the coronavirus
disease 2019 (COVID-19) pandemic, resulting in dev-
astating loss of life and disruption in the fabric of global
societies. Over the course of the pandemic, substantial
progress has been made in understanding the humoral
response to infection with SARS-CoV-2, with IgM,
IgG, and IgA antibodies specific for various SARS-CoV-
2 antigens. These include the S1 domain and receptor
binding domain (RBD) of the spike protein, as well as
nucleocapsid protein (N), which become detectable at a
median of approximately 2 weeks after onset of symp-
toms (1, 2). Antibody titers peak at 1 month post symp-
tom onset, with levels directly correlating with severity
of illness. Titers then begin to decrease, relatively rapidly
for IgM and IgA, and more gradually for IgG, although
the ultimate duration of SARS-CoV-2 antibody
responses remains an area of active investigation (3).
SARS-CoV-2 vaccines for which data are available elicit
robust antibody responses, and licensing studies so far
have demonstrated short-term protection from natural
infection (4–6).

SARS-CoV-2 antibody testing plays an important
complementary role in COVID-19 diagnosis.
Specifically, antibody testing is used to evaluate patients
with a high clinical suspicion of infection and repeatedly
negative nucleic acid amplification tests (NAATs), as
well as in the assessment of suspected multisystem
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inflammatory syndrome in children (7, 8). SARS-CoV-
2 antibody testing is also a critical public health tool, en-
abling surveillance efforts to characterize seroprevalence
and inform policy decisions. Finally, SARS-CoV-2
antibody testing may be used to monitor the humoral
response to vaccines, and potentially to differentiate hu-
moral responses due to natural infection (i.e., anti-N
and anti-S) from those due to vaccination with spike-
only vaccines (anti-S only), though the United States
Centers for Disease Control and Prevention (CDC)
does not currently recommend use of serologic assays
for this purpose.

Laboratory-based methods for SARS-CoV-2 anti-
body detection include enzyme-linked immunosorbent
assays (ELISA) and chemiluminescent immunoassays
(CLIA). Among the most common of these assays are
the Abbott anti-nucleocapsid antigen IgG CLIA (anti-
N) and EUROIMMUN anti-S1 domain spike protein
IgG ELISA (anti-S1) (9, 10). While numerous diagnos-
tic accuracy studies have evaluated the comparative per-
formance of the EUROIMMUN and Abbott SARS-
CoV-2 IgG immunoassays (11–20), these studies rely
on retrospective, nonconsecutive samples, collected
prior to the pandemic or selected from individuals with
known SARS-CoV-2 NAAT results. Furthermore, they
offer minimal clinical information to guide laboratorians
and clinicians in the interpretation of discordant results.

To address the limitations of these retrospective
studies, this work prospectively assessed 1080 consecu-
tive clinical samples tested in parallel with the Abbott
anti-N and EUROIMMUN anti-S1 assays. A case-con-
trol study design was used to clinically characterize
individuals with discrepant results. Diagnostic accuracy
was then determined based on the CDC surveillance
case definitions (21).

Materials and Methods

CLINICAL SPECIMENS

The Stanford Clinical Virology and Special Chemistry
Laboratories receive specimens from tertiary-care aca-
demic hospitals and affiliated outpatient facilities in the
San Francisco Bay Area, California. From August 3 to
August 15, 2020, all plasma samples submitted for clini-
cal SARS-CoV-2 IgG testing were prospectively tested
in parallel on 2 different SARS-CoV-2 IgG testing plat-
forms. The purpose of this parallel testing was to assess
concordance in anticipation of switching assays used in
our clinical practice. Venipuncture blood samples sub-
mitted for testing were collected in lithium heparin-
coated vacutainers from asymptomatic, symptomatic,
and convalescent inpatients and outpatients, either for
clinical care, or in the context of COVID-19 related
epidemiologic surveillance studies and drug trials at our
institution. Generally, asymptomatic individuals with

no history of exposure were offered serologic testing in
addition to NAAT prior to oncologic care or planned
procedures, or as part of employer/school-mandated
screening protocols. Symptomatic individuals and those
with history of exposure may have been initially offered
serologic testing in addition to NAAT as an adjunctive
diagnostic tool, and in the weeks to months following
diagnosis for the purpose of immunologic surveillance.
No individuals were known to be enrolled in vaccine tri-
als, and only 1 individual received convalescent plasma
prior to serologic testing.

COMMERCIALLY AVAILABLE SEROLOGIC ASSAYS

After centrifugation, plasma samples were tested for
both anti-N IgG and anti-S1 IgG antibodies on
commercially available Architect (Abbott) and
EUROLabWorkstation (EUROIMMUN) platforms,
respectively. The Abbott anti-N IgG assay is an auto-
mated 2-step CLIA conducted and interpreted accord-
ing to manufacturer guidelines (22). A sample-to-
calibrator relative light unit index of �1.4 is considered
positive, while an index value of <1.4 is considered neg-
ative. The EUROIMMUN anti-S1 IgG assay is an
ELISA conducted and interpreted according to manu-
facturer guidelines (23). A sample-to-calibrator optical
density (OD) ratio of �1.1 is considered positive, while
a ratio of �0.8 to <1.1 is considered borderline, and a
ratio of <0.8 is considered negative. Samples were
tested on both platforms independently and in parallel
within 24 h of each other, without prior knowledge of
results on the other platform.

LABORATORY-DEVELOPED SEROLOGIC ASSAYS

Specimens with sufficient volume that were positive or
borderline for either anti-N or anti-S1 IgG antibodies
were further evaluated using a laboratory-developed
ELISA designed to detect human IgG antibodies to the
SARS-CoV-2 spike protein RBD. The ELISA was per-
formed on the ESP 600 ELISA instrument (Inova
Diagnostics) using 96-well Corning Costar high binding
plates (Thermo Fisher) coated with recombinant SARS-
CoV-2 RBD proteins produced and purified as previ-
ously described (1). In brief, plates are coated with RBD
protein at a concentration of 0.1 mg per well overnight
at 4 �C and incubated with plasma at a 1:100 dilution,
with secondary detection by horseradish peroxidase con-
jugated goat anti-human IgG at a 1:6,000 dilution
(Thermo Fisher). An OD at 450 nm of �0.3 is inter-
preted as positive.

These specimens were additionally evaluated for the
ability of anti-RBD IgG present in the sample to block
binding between purified RBD protein and recombinant
human angiotensin-converting enzyme 2 (ACE2) recep-
tor using a laboratory-developed competition ELISA,
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performed on the ESP 600 instrument as previously de-
scribed (1). In brief, RBD-coated plates are incubated
with plasma at a 1:10 dilution, recombinant ACE2
joined to a mouse IgG2a Fc (ACE2-mFc) is added at
0.5 mg/mL, and secondary detection is performed using
horseradish peroxidase conjugated goat anti-mouse IgG
at a 1:10,000 dilution. Samples are run in duplicate,
and average OD at 450 nm is used to calculate the sam-
ple-to-negative calibrator ratio. Blocking activity is
reported as a percentage as follows: (1-ratio) x 100, with
higher percentages corresponding to lower levels of
RBD-ACE2 binding.

SARS-CoV-2 anti-RBD IgM testing was only per-
formed when ordered for clinical purposes. Testing was
conducted on the ESP 600 instrument in an identical
manner to anti-RBD IgG testing as described above,
but with secondary detection by horseradish peroxidase
conjugated goat anti-human IgM at a 1:6,000 dilution
(Sigma) (1). Due to the observation of nonspecific plas-
tic-binding antibodies in some individuals, a PBS-coated
control plate was run in tandem with the RBD-coated
plate. Samples were only reported as positive for IgM if
the OD at 450 nm was �0.4, and the OD was higher
than that of the uncoated control plate.

RESPIRATORY SAMPLE NUCLEIC ACID AMPLIFICATION TESTS

Respiratory sample NAAT results reported in this study
were performed as part of routine clinical care. These
tests were conducted using a variety of methods includ-
ing a lab-developed reverse transcription quantitative
polymerase chain reaction (RT-qPCR) targeting the
envelope gene on the Rotor-Gene Q (Qiagen), as well as
commercially available RT-qPCR or transcription medi-
ated amplification methods on the Panther Fusion or
Aptima platforms, respectively, (Hologic) targeting open
reading frame 1ab (24–28). Cycle threshold (Ct) values
are reported only for RT-qPCR testing.

CLINICAL DATA AND STATISTICAL ANALYSIS

Five physicians conducted retrospective electronic medi-
cal record review, each for a different subset of cases
(individuals with samples testing positive or borderline
on either IgG assay), as well as for a selected cohort of
matched controls (individuals testing negative on both
assays). Each positive or borderline case was matched to
a single negative control on the basis of age, sex, and
availability of demographic data using an optimal
matching algorithm through R package “MatchIt” (29).
Standardized differences were used to assess balance
between matched cohorts.

The Research Electronic Data Capture (REDCap)
platform was used to collect and manage demographic
data, history of present illness, unplanned hospital or
intensive care unit (ICU) admission, and relevant

laboratory information for each case that were entered
into the electronic medical record between March 1,
2020 and the date of sample collection. CDC COVID-
19 case surveillance definitions were used to classify
cases as confirmed, probable, or suspect (21). Per these
definitions, symptomatic individuals showed either 1) at
least 2 of the following: fever, chills, rigors, myalgia,
headache, sore throat, nausea or vomiting, diarrhea,
fatigue, congestion or runny nose, 2) any one of the fol-
lowing: cough, shortness of breath, difficulty breathing,
anosmia, ageusia, or 3) clinical or radiographic evidence
of pneumonia or acute respiratory distress. Exposures
were defined as close contact with an individual with
confirmed or probable COVID-19 documented in the
medical record. Confirmed cases were defined as having
had a positive NAAT. Probable cases were defined as
those without positive NAATs who were both symp-
tomatic without a more likely alternate diagnosis and
had evidence of exposure. Suspect cases were defined as
those positive or borderline by either antibody assay
without documented positive NAAT, symptoms, or
evidence of exposure as outlined above. This study was
conducted with Stanford institutional review board
approval (protocol 48973) and individual consent was
waived.

Agreement, sensitivity, specificity, and accuracy sta-
tistics were reported with exact (Clopper-Pearson) 95%
confidence intervals (CI) (30). Positive and negative
likelihood ratio 95% CIs were calculated using the log
method (30). Receiver operating characteristic (ROC)
curve analysis was conducted using R package “pROC”
(31). Clinical performance characteristics and ROC
curve analysis use the CDC surveillance case definitions
of confirmed or probable cases as “disease positive,”
with assumption of 100% seroconversion.

Results

From August 3 to August 15, 2020, 1094 plasma sam-
ples were tested for presence of anti-SARS-CoV-2 IgG.
Fourteen samples with insufficient volume to perform
testing for both anti-N (Abbott Architect) and anti-S1
(EUROIMMUN) were excluded from subsequent
analysis. There were 52 samples positive by both meth-
ods, 63 samples with discordant anti-N and anti-S1
results, and 965 samples negative by both methods
(Fig. 1). Anti-N was negative in 40% (34/86) of cases
considered positive for anti-S1 (index �1.1), and in
100% (27/27) of the cases considered borderline by
anti-S1 (index between 0.8 and 1.1) (Supplemental
Table 1). In contrast, anti-S1 was negative in only 4%
(2/54) of cases considered positive by anti-N, as
reflected by the change in positive percent agreement
depending on which assay was considered the reference
method (Table 1).
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Individuals dual positive by anti-N and anti-S1
were more likely to have history of exposure, symptoms,
hospital admission, positive respiratory NAAT, and pos-
itive IgM, when compared to matched dual negative
controls (Table 2, Supplemental Table 2). Among sam-
ples with sufficient volume, our laboratory-developed
anti-spike RBD IgG assay was positive in 100% (31/31)
of tested samples dual positive for anti-N and anti-S1,

and in 4% (1/25) of samples positive only for anti-S1,
but negative in both samples positive only for anti-N
(Supplemental Fig. 1). The single patient receiving
convalescent plasma was dual positive. Of the 52 total
dual anti-N/anti-S1 positive specimens, 14 had �50%
blocking activity of ACE2 receptor binding; these indi-
viduals had a median anti-N IgG index of 6.9 [inter-
quartile range (IQR) 5.8–7.2] and median anti-S1 IgG

Fig. 1. Flow chart of consecutive plasma samples tested for SARS-CoV-2 IgG. The 115 samples positive/borderline for either or
both Abbott anti-nucleocapsid IgG (anti-N) and EUROIMMUN anti-spike protein IgG (anti-S1) were all included as cases. Out of
the 965 samples negative by both assays, 115 controls were selected for chart review based on one-to-one matching for avail-
ability of demographic data, age, and sex (see Supplemental Table 2).

Table 1. Agreement between Abbott’s anti-N and EUROIMMUN anti-S1 IgG assays from August 3 to August 15, 2020
(n¼ 1080).

Statistic Treating anti-S1 borderline as negative Treating anti-S1 borderline as positive

PPA (anti-S1 as reference) 60.5% (49.3%–70.9%) 46.0% (36.6%–55.7%)

PPA (anti-N as reference) 96.3% (87.3%–99.6%) 96.3% (87.3%–99.6%)

NPA (anti-S1 as reference) 99.8% (99.3%–100.0%) 99.8% (99.3%–100.0%)

NPA (anti-N as reference) 96.7% (95.4%–97.7%) 94.1% (92.4%–95.4%)

Overall % Agreement 96.7% (95.4%–97.7%) 94.2% (92.6%–95.5%)

Cohen’s Kappa 0.73 (0.64–0.81) 0.60 (0.51–0.68)

95% confidence intervals are provided in parentheses.
PPA, positive percent agreement; NPA, negative percent agreement; S1, spike protein; N, nucleocapsid protein.
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index of 12.4 (IQR 10.7–15.2). In contrast, for the 38
dual anti-N/anti-S1 positive individuals with <50%
blocking activity, the median anti-N index was 3.6
(1.9–5.6), and median anti-S1 index was 5.3 (2.8-7.8).

The 2 individuals positive only for anti-N both had
positive NAATs. One was symptomatic with serology
sample drawn 12 days after symptom onset. The other
was asymptomatic, with serology sample drawn 31 days
after positive NAAT. In contrast, among 34 individuals
positive for anti-S1 alone, only 8 (24%) had confirmed
COVID-19. Specimen collection for these 8 individuals

was more likely to have occurred further from symptom
onset than those dual-positive, with median of 83 days
(IQR 32–149) vs 34 days (IQR 25–48). Most of these
individuals had anti-N IgG index values approaching
the threshold value of 1.4 (Fig. 2). None of the individ-
uals with borderline anti-S1 index values were NAAT-
positive or met probable case criteria.

There were 179 individuals with adequate available
clinical information to classify as confirmed (n¼ 56),
probable (n¼ 1), suspect (n¼ 34), or noncases (n¼ 88)
using CDC criteria. The single probable case was a

Table 2. Epidemiologic, clinical, and laboratory data for cases vs controls (n¼ 230).

Both positive
Anti-N only

Anti-S1 only

Both negativePositive Positive Borderline

Clinical data
available

73.1% (38/52) 100% (2/2) 67.6% (23/34) 66.7% (18/27) 77.4% (89/115)

Any exposure 42.1% (16/38) 100% (2/2) 13.0% (3/23) 22.2% (4/18) 7.9% (7/89)

Household exposure 21.1% (8/38) 0.0% (0/2) 8.7% (2/23) 16.7% (3/18) 1.1% (1/89)

Symptomatica 76.3% (29/38) 50.0% (1/2) 56.5% (13/23) 27.8% (5/18) 28.1% (25/89)

Symptomatic no alt
dxb

63.2% (24/38) 50.0% (1/2) 34.8% (8/23) 11.1% (2/18) 13.5% (12/89)

Days from symptom
onsetc

34 (25-48) 12 82.5 (32-149) 121 144 (60-147)

Hospital admission 23.7% (9/38) 0.0% (0/2) 13.0% (3/23) 0.0% (0/18) 0.0% (89/89)

ICU admission 10.5% (4/38) 0.0% (0/2) 4.4% (1/23) 0.0% (0/18) 0.0% (89/89)

NAAT performed 100.0% (52/52) 100.0% (2/2) 100.0% (34/34) 81.5% (22/27) 85.2% (98/115)

NAAT positive 86.5% (45/52) 100.0% (2/2) 23.5% (8/34) 0.0% (0/22) 1.0% (1/98)

Days from NAATd 31 (25-45) 21 (11-31) 30 (14-118) . . . 22

RT-qPCR Ct valuee 22.4 (16.9-32.6) 24.1 19.9 (15.7-28.4) . . . 38.2

RBD performed 59.6% (31/52) 100.0% (2/2) 73.5% (25/34) 92.6% (25/27) 0.0% (0/115)

RBD positive 100.0% (31/31) 0% (0/2) 4.0% (1/25) 4.0% (1/25) . . .

RBD IgG indexf 1.2 (0.7-1.7) . . . 0.4 0.5 . . .

Blocking performed 100.0% (52/52) 100.0% (2/2) 29.4% (10/34) 3.7% (1/27) 0.0% (0/115)

Percent blockingg 9% (1%-51%) 3% (1.0-4.0%) 4% (0-11%) 0% . . .

IgM performed 32.7% (17/52) 0.0% (0/2) 50.0% (17/34) 40.7% (11/27) 53.0% (61/115)

IgM positive 52.9% (9/17) . . . 0.0% (0/17) 0.0% (0/11) 0.0% (0/61)

IgM indexf 1.1 (0.6-1.7) . . . . . . . . . . . .

Confirmed or proba-
ble case

97.9% (46/47) 100.0% (2/2) 34.8% (8/23) 0.0% (0/18) 1.1% (1/89)

Categorical data presented as % (numerator/denominator); continuous data presented as median (interquartile range).
S1, spike protein; N, nucleocapsid protein; ICU, intensive care unit; NAAT, nucleic acid amplification test; RT-qPCR, reverse-transcription quantitative polymerase chain reaction;
Ct, cycle threshold; RBD, spike protein receptor-binding domain; ACE2, angiotensin converting enzyme 2.
aIndividuals with symptoms satisfying CDC clinical criteria, without consideration of whether symptoms were most likely due to COVID-19 vs other causes (21).
bIndividuals with symptoms satisfying CDC clinical criteria for COVID-19 in the absence of a more likely diagnosis (21).
cSymptom onset date available for n¼ 23, 1, 8, 1, and 8 individual(s) from left to right columns.
dDays from first positive respiratory NAAT.
eCt value data available for n¼ 32, 1, 5, 0, and 1 individual(s) from left to right columns.
fIgG and IgM index value summary statistics are calculated from positive results only.
gIndicates the percentage of blocking activity the RBD IgG antibody has against the ACE2 receptor. Higher values correspond to a stronger blocking response.
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NAAT-negative individual who was symptomatic, had
exposure, and was later found to be IgM-positive.
Among the confirmed and probable COVID-19 cases,
the 2 patients positive only for anti-N were observed
within the first 31 days (Supplemental Fig. 2A–C),
while the 8 patients positive only for anti-S1 were ob-
served 0–145 days after diagnosis. Among symptomatic
patients not meeting confirmed or probable CDC crite-
ria, none were positive for anti-N only, whereas 7 and 5
were positive and borderline for anti-S1 only, respec-
tively (Supplemental Fig. 2D–F).

When considering only confirmed and probable
cases as “disease positive,” the Abbott anti-N assay was
less sensitive (84.2% vs 94.7%), but more specific
(99.2% vs 86.9%) than the EUROIMMUN anti-S1 as-
say if borderline cases were interpreted as negative
(Table 3). Considering borderline anti-S1 results as pos-
itive decreased the test specificity (from 86.9% to
72.1%) without any gain in sensitivity. ROC curve
analysis demonstrated that decreasing the Abbott anti-N
assay index value threshold from 1.4 to 0.6 would in-
crease the sensitivity (from 84.2% to 96.5%) without

appreciably decreasing specificity (from 99.2% to
98.4%) (Fig. 3). If this decreased threshold of 0.6 were
applied to the 1080 individuals in this study, 14 (1.3%)
would be reclassified from anti-N negative to positive,
with 8 (0.7%) additional true positives and 3 (0.3%)
false positives, and 3 (0.3%) with insufficient clinical
data to assess CDC criteria (2 of 3 had positive
EUROIMMUN IgG indices �4).

Discussion

There are currently over 60 available FDA emergency
use authorized antibody assays for the diagnosis of
prior COVID-19 infection. These assays use a variety
of methodologies, differing antigen targets, and have
widely variable performance characteristics (18).
However, little evidence exists to guide laboratorians
and clinicians in reporting and interpreting discordant
results.

In this prospective study of 1080 consecutive
plasma samples concurrently tested by the Abbott anti-
N and EUROIMMUN anti-S1 assays, almost 6% of

Fig. 2. Log-transformed Abbott anti-nucleocapsid IgG (anti-N) index value vs EUROIMMUN anti-spike protein IgG (anti-S1) optical
density ratio for the age and sex-matched cases/controls (n¼ 230). The horizontal dashed line represents the anti-N threshold of
positivity (1.4); the 2 vertical dashed lines represent the anti-S1 threshold for borderline (0.8) and positive (1.1), respectively.
The top right corner contains dual-positive samples, the bottom left corner contains dual-negative samples, and the remaining
points represent samples with discordant results. The different colors/shapes represent A) IgG results, B) exposure history, C) re-
spiratory nucleic acid amplification test (NAAT) results, D) symptom history according to Centers for Disease Control (CDC) clinical
case criteria, E) inpatient and/or intensive care unit (ICU) admission history, F) case classification based on CDC surveillance case
definitions.
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samples had discordant results. These 2 platforms were
selected for clinical testing and comparison in our labo-
ratory based upon their high-throughput capacity, wide-
spread availability in the United States, and differing
methodology (ELISA and CLIA). Notably, it was more
common for a sample to be positive/borderline on only
1 assay than to be positive by both commercial assays.
This finding contrasts with a prior study which reported
higher agreement (Cohen’s Kappa of 0.83) between
these 2 specific platforms (17). Similarly, many studies
have reported relatively high concordance between anti-
N and anti-S1 assays (3, 12, 16, 32).

These differences in reported interassay concor-
dance may be due to our prospective study design,
which allowed for unbiased evaluation of consecutive
samples from patients whose physicians had initiated
serologic testing. In contrast, almost all prior validation,
seroprevalence, and method comparison studies on anti-
body assays have used nonconsecutive, selected known
NAAT-positive or pre-pandemic samples (3, 12, 13, 16,
19, 33–35). Such samples are more likely to be drawn
from patients with well-characterized states of health or
infection, and are less likely to include patients with
ambiguous presentations or nonspecific symptoms that
are included in routine clinical testing. Accordingly, pre-
viously-reported interassay concordance from selected
nonconsecutive specimens may be falsely high and less
generalizable to the clinically-tested population.

We also considered the possibility that our inclu-
sion of samples drawn more than 1 month after diagno-
sis might have impacted concordance; however, our data
showed no clear time-dependent relationship between
concordance and days from diagnosis. Prior studies have
also reported mixed results regarding anti-S1 vs anti-N
persistence (17, 36–38). Further studies will be required
to determine why some individuals mount only an anti-
S1 or anti-N response, or whether the ratio of such a
response is clinically important.

Although several method comparison studies have
reported lower agreement between anti-N and anti-S1

serologic assays, no clinical data for discrepant samples
were provided (13, 19). In this study, only 2 individuals
had positive anti-N with negative anti-S1, and both had
prior positive NAATs. This is consistent with previous
reports of high specificity (>99%) for the Abbott anti-
N assay (33, 34). Additionally, we observed that de-
creasing the Abbott anti-N index value threshold from
1.4 to 0.6 offered increased sensitivity (from 84.2% to
96.5%) with minimal decrement in specificity (from
99.2% to 98.4%). This finding corroborates prior stud-
ies reporting an optimal cutoff between 0.55–0.8 (15,
33, 39). Increased serologic sensitivity may be justified
in the diagnosis of patients with late symptomatic pre-
sentation and negative NAAT during times of high
prevalence. However, even small decrements in specific-
ity have the potential to misclassify patients, and current
Infectious Diseases Society of America and CDC guide-
lines for serologic testing recommend assays with
�99.5% specificity in low-prevalence settings.

In contrast, only one-quarter of the individuals
positive for anti-S1 IgG and negative for anti-N IgG
represented confirmed or probable cases of COVID-19
per CDC criteria. Accordingly, the EUROIMMUN
anti-S1 assay specificity observed was lower than in prior
retrospective studies, even when interpreting borderline
specimens as negative (17, 35). However, a non-negligi-
ble proportion of individuals positive for only anti-S1
were confirmed or probable COVID-19 cases. As such,
qualitative detection of anti-S1 without anti-N should
not be considered a specific marker for immunization.
The CDC does not currently recommend serologic test-
ing for assessment or confirmation of vaccination status,
and our findings demonstrate that such testing
with these 2 methods would have low specificity. This is
particularly relevant as vaccines become more widely
available (4, 5).

An area of uncertainty is the degree to which anti-S1
and anti-N antibodies confer immunity, as median per-
cent blocking was low even in concordant specimens.
Previous data suggest that anti-RBD antibody titers are

Table 3. Clinical sensitivity and specificity of Abbott’s anti-N and EUROIMMUN’s anti-S1 IgG assays for confirmed or proba-
ble COVID-19 case definitions by CDC criteria (n¼ 179).

Statistic Anti-N Anti-S1, borderline as negative Anti-S1, borderline as positive

Sensitivity 84.2% (72.1%–92.5%) 94.7% (85.4%–98.9%) 94.7% (85.4%–98.9%)

Specificity 99.2% (95.5%–100%) 86.9% (79.6%–92.3%) 72.1% (63.3%–79.9%)

Positive likelihood ratio 102.7 (14.5–725.9) 7.2 (4.6–11.5) 3.4 (2.5–4.6)

Negative likelihood ratio 0.16 (0.09–0.29) 0.06 (0.02–0.18) 0.07 (0.02–0.22)

95% confidence intervals are provided in parentheses.
N, nucleocapsid protein; S1, spike protein.
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correlated with neutralization and ACE2 blocking activity
(1); in the present study, 100% of concordant specimens
were positive for anti-RBD, whereas 0% and 4% of anti-
N and anti-S1 only specimens were positive for anti-
RBD, respectively. However, it is unclear how our labora-
tory-developed anti-RBD assay might perform against
other commercially available anti-N or anti-S assays.

One major strength of this study is the mitigation of
selection biases associated with comparing specimens
from well-characterized disease states through concurrent
anti-N and anti-S1 clinical serologic testing on a large
consecutive cohort of patients. Additional strengths in-
clude the incorporation of descriptive clinical/exposure

data and use of combined clinical, epidemiologic linkage,
and laboratory evidence to define cases. These findings
may be of practical interest to laboratories switching sero-
logic assays or offering both anti-N and anti-S1 assays as
vaccines become more widely available.

Limitations of this study include the comparison of
only 2 assays over a relatively short duration, where anti-
bodies to 2 different antigens (N and S1) were tested
with different assay methods (CLIA vs ELISA), limiting
our ability to determine whether differences in assay
performance are related to the antigen or to the assay
method. Indeed, these findings may not be generalizable
to other assays, including OrthoClinical or DiaSorin,

Fig. 3. Receiver operating curve characteristics for A-B) Abbott anti-nucleocapsid IgG (anti-N) and C-D) EUROIMMUN anti-spike
protein IgG (anti-S1). While the 2 assays have similar areas under the curve (AUCs) with overlapping 95% confidence intervals
(95% CI), the anti-N assay has a more favorable sensitivity (solid red line) vs specificity (dashed blue line) profile as compared to
the anti-S1 assay. The Abbott anti-N index threshold for positivity could be lowered from 1.4 to 0.6 to improve sensitivity with-
out a substantial decrement to specificity.

984 Clinical Chemistry 67:7 (2021)



which were used by approximately twice as many labs as
EUROIMMUN according to a 2020 College of
American Pathologists survey (9). For example, hetero-
geneity in performance has been reported among anti-S
assays, with EUROIMMUN generally demonstrating
lower sensitivity and/or specificity than its counterparts
in prior retrospective studies of well-characterized
specimens (16, 20, 40).

An additional limitation of our approach is that it
does not fully address the challenge posed by potential
asymptomatic infection cases, which would have led to
an underestimation of anti-S1 assay sensitivity. The indi-
viduals who were positive for anti-S1 and negative for
anti-N but did not meet CDC case definitions could
have, in fact, truly been infected with SARS-CoV-2, and
either have been asymptomatic, or had poor documenta-
tion in the electronic medical record. Lastly, this consecu-
tive cohort of tested patients received care at a single
high-resource tertiary-care institution with a relatively
high prevalence of complex medical comorbidities, which
may impact clinician ordering practices and serologic sta-
tus. These findings may therefore not be generalizable to
health systems with differing serologic testing policies or
patient populations. We expect that the advent of vacci-
nation will also markedly impact assay concordance.

In this large single-institutional case-control study
of consecutive specimens tested concurrently with
the EUROIMMUN anti-S1 ELISA and the Abbott
Architect anti-N CLIA, we observed that discordant
results were more common than concordant positive
results, in contrast to many methodological comparison
studies with selected well-characterized specimens.
Based on our findings, low-positive EUROIMMUN
anti-S1 results should be interpreted with caution by
laboratorians, whereas borderline EUROIMMUN anti-
S1 results should be considered negative. The Abbott
anti-N assay threshold could be lowered to 0.6 if maxi-
mization of sensitivity is desired. Review of clinical data
in conjunction with serologic testing is advisable for
adjudication, and laboratorians should be prepared to
interpret discrepant results to minimize patient and
clinician uncertainty. These findings may be particularly
relevant with the availability of spike-targeted vaccina-
tion, as laboratories may be asked to distinguish be-
tween past infection and vaccine-derived immunity.
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