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ABSTRACT Sensitive and specific severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) serologic assays are needed to inform diagnostic, therapeutic, and
public health decision-making. We evaluated three commercial serologic assays as
stand-alone tests and as components of two-test algorithms. Two nucleocapsid anti-
body tests (Abbott IgG and Roche total antibody) and one spike protein antibody
test (DiaSorin IgG) were included. We assessed sensitivity using 128 serum samples
from symptomatic PCR-confirmed coronavirus disease 2019 (COVID-19)-infected
patients and specificity using 1,204 samples submitted for routine serology prior
to COVID-19’s emergence, plus 64 pandemic-era samples from SARS-CoV-2 PCR-
negative patients with respiratory symptoms. Assays were evaluated as stand-alone
tests and as components of a two-test algorithm in which positive results obtained
using one assay were verified using a second assay. The two nucleocapsid antibody
tests were more sensitive than the spike protein antibody test overall (70% and 70%
versus 57%; P � 0.003), with pronounced differences observed using samples col-
lected 7 to 14 days after symptom onset. All three assays were comparably sensitive
(�89%; P � 0.13) using samples collected �14 days after symptom onset. Specificity
was higher using the nucleocapsid antibody tests (99.3% and 99.7%) than using the
spike protein antibody test (97.8%; P � 0.002). When any two assays were paired in
a two-test algorithm, the specificity was 99.9% (P � 0.0001 to 0.25 compared with
the individual assays), and the positive predictive value (PPV) improved substantially,
with a minimal effect on the negative predictive value (NPV). In conclusion, two nu-
cleocapsid antibody tests outperformed a spike protein antibody test. Pairing two
different serologic tests in a two-test algorithm improves the PPV, compared with
the individual assays alone, while maintaining the NPV.
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Several commercial severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
serologic tests have received FDA emergency-use authorization. Serology appears

to complement direct viral RNA detection as a diagnostic tool: RNA detection is most
sensitive within the first few days after symptom onset, dropping below 50% after
1 week of symptoms (1–3); in contrast, total antibody is detectable in �50% of patients
after 1 week of symptoms, and sensitivity exceeds 90% after 2 weeks (2, 4). Thus,
serology is best suited for (i) supporting the diagnosis of coronavirus disease 2019
(COVID-19) infection in RNA-negative symptomatic patients, (ii) identifying potential
convalescent-phase plasma donors, and (iii) establishing seroprevalence in population
studies (5, 6). Serology may also prove useful in determining immunity, which could
inform return-to-work decisions and other public health measures (5, 6).
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Considering the relatively low prevalence of COVID-19 infection in many tested
populations and the implications of false-positive results for patient care and public
health measures, the Centers for Disease Control and Prevention (CDC) has determined
that highly specific (�99.5%) serologic tests are required to provide adequate positive
predictive value (PPV) (7). Although high specificity is reported for many commercial
SARS-CoV-2 serologic assays, not all of them consistently meet this specificity threshold
(see Table S1 in the supplemental material) (8–10). A potential approach to ensure
consistently high specificity involves the application of a two-test algorithm in which
reactivity using one assay is confirmed using a different (orthogonal) assay. This
strategy is employed in the serodiagnosis of several common infectious diseases,
including syphilis, human immunodeficiency virus (HIV) infection, and Lyme disease,
and exploration of this approach in SARS-CoV-2 antibody testing was recommended by
U.S. national public health officials in a recent testing blueprint for state and local
laboratories (11–13).

Here, we evaluated the performance of the Abbott SARS-CoV-2 nucleocapsid IgG
test (Abbott Laboratories, Abbott Park, IL), the Liaison SARS-CoV-2 spike protein S1/S2
IgG test (DiaSorin, Centralino, Italy), and the Roche Elecsys anti-SARS-CoV-2 nucleocap-
sid total antibody test (Roche Diagnostics, Indianapolis, IN) as stand-alone assays and
as components of two-test algorithms.

MATERIALS AND METHODS
This study was approved by the Partners Healthcare institutional review board.
COVID-19-infected patients. To evaluate serologic test sensitivity, two sets of serum samples from

patients with laboratory-confirmed COVID-19 infection were assembled. The retrospective COVID-19-
positive serum set (n � 101) was assembled by reviewing medical records of 177 unique patients for
whom a serum procalcitonin test had been ordered during the COVID-19 pandemic. Among these 177
patients, 101 met both criteria for inclusion: (i) at least one positive SARS-CoV-2 RNA test result prior to
collection and (ii) a date of COVID-19 symptom onset (DOSO) that was obtainable through medical
record review. For each included patient, the remnant frozen serum sample (stored at �80°C for
approximately 1 month after collection) was used; each sample underwent only one freeze-thaw cycle
prior to analysis. The prospective COVID-19-positive serum set (n � 27) was assembled prospectively
from 31 hospitalized patients with confirmed COVID-19 infection based on RNA detection. Four patients
were excluded because the DOSO could not be determined. These samples were stored at 4°C for less
than 48 h prior to analysis.

The DOSO was defined as the earliest date that at least one of the following COVID-19 symptoms was
reported: fever, chills, loss of smell or taste, myalgias, rhinorrhea, nasal congestion, sore throat, cough,
and shortness of breath. All DOSOs were confirmed by a second independent reviewer; discrepancies
were adjudicated by a third independent reviewer. If the DOSO could not be determined with confi-
dence, the sample was excluded from the analysis.

Control subjects. To evaluate assay specificity, two sets of control samples were assembled, each
comprised of frozen (stored at �80°C for up to 18 months after collection) archived serum samples
collected from unique COVID-19-negative subjects. Each sample underwent only one freeze-thaw cycle
prior to analysis.

The pre-COVID-19-era control serum set included remnant serum samples submitted during the
pre-COVID-19 era (December 2018 to May 2019) from 1,204 unique subjects. Of those samples, 1,107
(92%) had originally been submitted for routine rubella virus antibody testing; these samples had been
archived for an extended period according to standard laboratory protocols and thus were available for
this study. A convenience sample of 97 additional sera (8% of the pre-COVID-19-era control serum set)
was chosen based on a search for available archived samples that had been previously tested and shown
to contain one or more of the following potentially cross-reactive factors: HIV antigen/antibody, hepatitis
C virus (HCV) IgG antibody, treponemal antibody, hepatitis B virus (HBV) surface antibody, or rheumatoid
factor (RHF). A laboratory record review was also performed on the other 1,107 samples in this serum set
(those originally submitted for rubella virus antibody testing); if the index sample had been tested for any
of these potentially cross-reactive factors as a part of routine clinical care and the result was positive, this
was noted. See Table 4 for the number of samples within the pre-COVID-19-era control serum set that
were found to contain potentially cross-reactive factors.

The symptomatic control serum set (n � 64) included remnant serum samples collected during the
COVID-19 pandemic for serum procalcitonin testing from SARS-CoV-2 RNA-negative patients with
respiratory symptoms and stored at 4°C for �48 h prior to analysis.

SARS-CoV-2 serology. Serum samples were analyzed using three commercial serologic assays:
Abbott SARS-CoV-2 IgG, DiaSorin Liaison SARS-CoV-2 S1/S2 IgG, and Roche Elecsys anti-SARS-CoV-2. The
antigen targets and assay methods are described in Table 1. Batches of unblinded samples were tested
on all three assays on the same day, over a 1-week period, by senior medical technologists. All testing
was performed according to the manufacturers’ instructions.
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Data analysis. Sensitivity and specificity were calculated for each assay alone and for pairs of assays
used in two-test algorithms. In the two-test approach, the overall result was considered positive if the
sample tested positive by both assays and negative if the sample was negative using one or both assays.
When calculating the positive predictive value (PPV) or negative predictive value (NPV) at various
prevalence rates, assay sensitivity was defined as the observed sensitivity using samples collected
�14 days after symptom onset (when sensitivity is reported to be its highest) (8–10). Specificity was
defined (for PPV and NPV calculations) as the value obtained when all control samples were combined.
Differences between proportions were considered statistically significant if the 2-tailed P value was �0.05
as determined using McNemar’s test or Fisher’s exact test.

RESULTS
Clinical sensitivity of individual serologic assays. When results obtained using all

128 serum samples from confirmed COVID-19 cases were considered together, the
Abbott IgG and Roche total antibody assays were comparably sensitive (70% for each;
P � 1.0), whereas the DiaSorin IgG assay was significantly less sensitive than the others
(57%; P � 0.003) (Table 2). Overall sensitivity values reported here are significantly
lower than the manufacturers’ claimed sensitivities for the Abbott and DiaSorin assays,
whereas our findings confirm the sensitivity claims of the Roche assay (Table 1).

When the samples were stratified into three subcategories based on DOSO, the
sensitivity of each assay was directly related to symptom duration (Table 2). Although
the DiaSorin assay was numerically less sensitive than the other two assays in all three
subcategories, the differences were significant only for samples collected 7 to 14 days
after symptom onset. In this subcategory, the Abbott and Roche assays were 62% and
64% sensitive, respectively (P � 1.0), while the DiaSorin assay was 42% sensitive
(P � 0.02). All three assays were highly sensitive using samples collected �14 days after
symptom onset (�89%; P � 0.13) (Table 2), and the results were in agreement with
those claimed by the manufacturers for samples collected during a similar time frame
(Table 1).

Specificity of individual serologic assays. When results from all COVID-19-
negative subjects (n � 1,268) were considered together, the Abbott and Roche assays
had similar overall specificities (99.3% and 99.7%; P � 0.23) (Table 3). The DiaSorin
assay’s overall specificity was significantly lower than those of the other two assays
(97.8%; P �0.002) and the manufacturer’s claimed specificity (Table 1).

TABLE 1 Commercial SARS-CoV-2 serologic assays used in this studya

Manufacturer Format Principle Antigen(s)
Isotype
detected

Claimed overall
sensitivity
(%)b (P value)

Claimed sensitivity
in convalescence
(%)b (P value)

Claimed overall
specificity (%)b

(P value)

Abbott CMIA Indirect ELISA Nucleocapsid IgG only 89.3 (0.0003) 100 (0.5) 99.8 (0.4)
DiaSorin CLIA Indirect ELISA Spike (S1, S2) IgG only 70.9 (0.02) 97.6 (0.23) 99.3 (0.004)
Roche ECLIA Sandwich immunoassay Nucleocapsid Total antibody 80.0 (0.16) 100 (0.29) 99.8 (0.33)
aAbbreviations: CLIA, chemiluminescence immunoassay; ELISA, enzyme-linked immunosorbent assay; S1, spike protein subunit 1; S2, spike protein subunit 2; IgG,
immunoglobulin G; CMIA, chemiluminescent microparticle immunoassay; ECLIA, electrochemiluminescence immunoassay. P values reflect the comparison between
the claimed sensitivity or specificity and the sensitivity or specificity observed in this study, as reported in Tables 2 and 3. P values that indicate significant
differences are shown in boldface type.

bAs reported in the assay package insert.

TABLE 2 Clinical sensitivity of three commercial SARS CoV-2 serologic assays in symptomatic patients with confirmed COVID-19d

Sample collection time frame (no. of samples)

Sensitivity (%) (95% CI)

P valuesAbbott Roche DiaSorin

�7 days after symptom onset (20) 20 (8–42) 20 (8–42) 10 (3–30) 0.68,a 0.48,b 0.68c

7–14 days after symptom onset (53) 62 (49–74) 64 (51–78) 42 (29–55) 0.02,a 1.0,b 0.01c

�14 days after symptom onset (55) 96 (88–99) 93 (83–97) 89 (78–95) 0.13,a 0.48,b 0.62c

All samples (128) 70 (62–78) 70 (61–77) 57 (48–65) 0.002,a 1.0,b 0.003c

aP values reflect the comparison between the Abbott and DiaSorin assays.
bP values reflect the comparison between the Abbott and Roche assays.
cP values reflect the comparison between the DiaSorin and Roche assays.
dCI, confidence interval. P values that indicate significant differences are shown in boldface type.
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When results from the pre-COVID-19-era control serum set (n � 1,204) were con-
sidered separately from those of the symptomatic control serum set (n � 64), each
assay was numerically more specific in the former group than in the latter; none of the
differences was statistically significant (Table 3). Similarly, when only results obtained
from the symptomatic control serum set were compared across the three assays, there
were numerical differences in specificity (Abbott, 98.4%; Roche, 96.9%; DiaSorin, 93.8%),
but none was statistically significant.

When results from the pre-COVID-19-era control serum set were analyzed, the DiaSorin
assay was 98.0% specific, which was significantly lower than that of the Abbott or Roche
assay (99.3% and 99.8%; P � 0.007) (Table 3). The difference in specificity between the
Roche and Abbott tests was nonsignificant (P � 0.11). False-positive rates among samples
known to contain potentially cross-reactive factors are presented in Table 4. Notably, 17.6%
of samples yielding false-positive SARS-CoV-2 antibody test results (6/34) contained more
than one potential cross-reactive antibody (Table 4). The highest false-positive rates were
produced in samples containing HIV antibody/antigen (Abbott, 3/25 [12.0%]; DiaSorin, 2/25
[8%]) or HCV IgG antibody (DiaSorin, 4/44 [9.1%]). The Roche assay produced few false-
positive results in samples containing antibodies directed against non-SARS-CoV-2 infec-
tious agents but produced one false-positive result in a sample containing autoantibodies
to both rheumatoid factor and antinuclear antibody (ANA).

Clinical sensitivity of two-test algorithms using pairs of serologic assays.
Results obtained by testing the COVID-19-positive sample cohort using each individual
assay were reanalyzed to determine the effect of applying a two-test algorithm in
which the overall result was recorded as positive if a positive result was produced using
both assays in a pair (Table 5). If one or both assays in a pair produced a negative result,
the two-test result was recorded as negative. Among the three possible two-test

TABLE 3 Specificity of three commercial SARS CoV-2 serologic assays in control subjectse

Control cohort (no. of samples)

Specificity (%) (95% CI)

P valuesAbbott Roche DiaSorin

Pre-COVID-19-era control serum set (1,204) 99.3 (99–100) 99.8 (99–100) 98.0 (97–99) 0.007,a 0.11,b <0.001c

Symptomatic control serum set (64) 98.4d (91–100) 96.9d (89–100) 93.8d (85–98) 0.25,a 1.00,b 0.63c

All samples (1,268) 99.3 (99–100) 99.7 (99–100) 97.8 (97–98) 0.002,a 0.23,b <0.001c

aP values reflect the comparison between the Abbott and DiaSorin assays.
bP values reflect the comparison between the Abbott and Roche assays.
cP values reflect the comparison between the DiaSorin and Roche assays.
dOne sample from the symptomatic control serum set was positive using all 3 assays. The sample was from a healthy male in his 30s who presented in April 2020
with fever, anosmia, shortness of breath, myalgias, and acute cardiomyopathy. Multiple respiratory SARS-CoV-2 RNA tests were negative. For the purposes of this
study, the subject remained categorized as COVID-19 negative, but clinical suspicion remained high.

eCI, confidence interval. P values that indicate significant differences are shown in boldface type.

TABLE 4 False-positive rates among samples containing potentially cross-reactive factorsa

Category
No. of samples
tested

No. of positive samples (%)

Abbott Roche DiaSorin

HIV Ag/Ab positive 25 3b (12.0) 0 (0) 2c,d (8.0)
HCV IgG positive 44 0 (0) 0 (0) 4c,e (9.1)
HBV sAb positive 141 4b (2.8) 0 (0) 5c,d,e (3.6)
Syphilis Ab positive 27 0 (0) 0 (0) 1c (3.7)
RHF positive 2 0 (0) 1f (50.0) 0 (0)
ANA positive 6 0 (0) 1f (16.7) 0 (0)
aFalse-positive rates were calculated for each potential interference factor. Some samples contained multiple
potential interference factors.

bTwo samples contained both human immunodeficiency virus antigen/antibody (HIV Ag/Ab) and hepatitis B
virus surface antibody (HBV sAb).

cOne sample contained HBV sAb, hepatitis C virus immunoglobulin G (HCV IgG), HIV Ag/Ab, and syphilis
antibody (treponemal antibody).

dOne sample contained both HIV Ag/Ab and HBV sAb.
eOne sample contained HCV IgG and HBV sAb.
fOne sample contained both antinuclear antibody (ANA) and rheumatoid factor (RHF).
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combinations, the highest overall sensitivity was achieved when the Abbott and Roche
assays were paired (66%) (Table 5). However, pairing these assays resulted in lower
sensitivity than with the Abbott test alone (70% [90/128]; P � 0.03). This pairing was
also numerically less sensitive than the Roche assay alone (70% [89/128]), although the
difference did not quite reach statistical significance (P � 0.06).

When samples were stratified into three subcategories based on DOSO, sensitivity
was either numerically the same or lower for all pairs of assays than with the individual
component assays alone, for all sample collection time frames (Table 5). However,
significant differences in sensitivity were found only using samples collected 7 to
14 days after symptom onset. In this time frame, pairing the DiaSorin test with either
the Abbott or Roche test resulted in a lower overall sensitivity (36% or 38%, respec-
tively) than with the Abbott or Roche assay alone (62% or 64%, respectively; P � 0.01).
Sensitivity was not significantly reduced, compared with individual assays alone, by
pairing any two assays in a two-test algorithm using samples collected �14 days after
symptom onset (Table 5).

Pairing either the Abbott or Roche assay with the DiaSorin assay in a two-test
algorithm resulted in lower overall sensitivity (53% for either pair) than with pairing the
Abbott and Roche assays together (66%; P � 0.0001). Pairs involving the DiaSorin assay
were also less sensitive overall (53%) than either the Abbott or the Roche assay alone
(70%; P � 0.008 for both comparisons). The sensitivities of these pairs (DiaSorin plus
Abbott or DiaSorin plus Roche) were not significantly lower than that of the DiaSorin
assay alone (53% versus 57%; P � 0.06).

Specificity of two-test algorithms using pairs of serologic assays. For each of the
three possible two-test pairs, the specificity was 99.9% when results from all control

TABLE 5 Sensitivity and specificity of two-test algorithms using pairs of commercial SARS-CoV-2 serologic assaysh

Cohort (no. of patients)

Abbott � DiaSorin Abbott � Roche DiaSorin � Roche

P values
Sens
(95% CI)

Spec
(95% CI)

Sens
(95% CI)

Spec
(95% CI)

Sens
(95% CI)

Spec
(95% CI)

COVID-19 patients
�7 days after symptom onset (20) 0 (0–14) 15 (5–42) 0 (0–14) 0.13,a 0.50,b 1.00,c

1.00,d 0.50,e 0.13f

7–14 days after symptom onset (53) 36 (24–49) 57 (43–69) 38 (26–51) 0.001,a 0.25,b 0.25,c

0.13,d 0.50,e 0.001f

Samples collected �14 days after
symptom onset (55)

89 (78–95) 93 (82–98) 87 (78–95) 0.13,a 1.0,b 0.48,c 1.0,d

1.0,e 0.25f

Total (128) 53 (45–62) 66 (57–73) 53 (45–62) <0.0001,a 0.06,b 0.03,c

0.06,d 0.06,e 0.008f

Control cohort
Pre-COVID-19-era control serum set

(1,204)
100 (100) 100 (100) 100 (100) 0.01,a <0.0001,b 0.01,c

0.50,d <0.0001,e

0.50f

Symptomatic control serum set (64) 98 (91–100) 98 (91–100) 98 (91–100) 1.0,a 0.25,b 1.0,c 1.0,d

0.25,e 1.0f

Total (1,268) 99.9g (100) 99.9g (100) 99.9g (100) 0.01,a <0.0001,b 0.01,c

0.25,d <0.0001,e

0.25f

aP values reflect the comparison between the Abbott assay and a 2-test algorithm pairing the Abbott and DiaSorin assays.
bP values reflect the comparison between the DiaSorin assay and a 2-test algorithm pairing the Abbott and DiaSorin assays.
cP values reflect the comparison between the Abbott assay and a 2-test algorithm pairing the Abbott and Roche assays.
dP values reflect the comparison between the Roche assay and a 2-test algorithm pairing the Abbott and Roche assays.
eP values reflect the comparison between the DiaSorin assay and a 2-test algorithm pairing the DiaSorin and Roche assays.
fP values reflect the comparison between the Roche assay and a 2-test algorithm pairing the DiaSorin and Roche assays.
gOne sample from the symptomatic control serum set was positive using all 3 assays. The sample was from a healthy male his 30s who presented in April 2020 with
fever, anosmia, shortness of breath, myalgias, and acute cardiomyopathy. Multiple respiratory SARS-CoV-2 RNA tests were negative. For the purposes of this study,
the subject remained categorized as COVID-19 negative, but clinical suspicion remained high.

hAbbreviations: Sens, sensitivity; Spec, specificity. P values that indicate significant differences are shown in boldface type.
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samples were considered together (Table 5). The specificity of the two-test approach
(99.9%) was significantly higher than that of the Abbott (99.3%; P � 0.01) or DiaSorin
(97.8%; P � 0.0001) assay alone but not the Roche assay (99.9% versus 99.7%; P � 0.25).
The same trend was seen within the pre-COVID-19-era control serum set subcategory
(n � 1,204). Each assay pair produced 100% specificity, which was significantly higher
than the specificity of the Abbott (99.3%; P � 0.01) or DiaSorin (98.0%; P � 0.0001)
assay alone but not the Roche assay alone (99.8%; P � 0.50).

Each pair of assays was 98% specific in the symptomatic control serum set subcat-
egory (n � 64) (Table 5). This specificity was equal to that of the Abbott assay alone
(98%; P � 1.0) and comparable to that of the Roche (97%; P � 1.0) or DiaSorin (94%;
P � 0.25) assay alone.

Positive predictive value of serologic assays used alone or in two-test algo-
rithms. For illustrative purposes, the PPV was calculated using five hypothetical
COVID-19 disease prevalence rates (Table 6), some of which reflect reported prevalences in
different regions of the United States at the time of writing (Queens County, NY, 3%;
Massachusetts, 1.5%; Alaska, 0.1%) (14) and others of which reflect higher hypothetical
prevalence rates. The PPV for pairs of assays used in two-test algorithms was substantially
higher than those for the individual assays alone (Table 6). For example, when the disease
prevalence was assumed to be 3%, the PPV was �96.4% for any pair of assays, whereas the
PPV for the individual assays alone ranged from 55.6 to 90.6%.

Negative predictive value of serologic assays used alone or in two-test algo-
rithms. Even at the highest assumed disease prevalence (25%), each individual assay
produced NPVs of �96.4% (range, 96.4 to 98.7%) (Table 6), and the NPV increased as
the assumed disease prevalence decreased. When pairs of assays were used in two-test
algorithms, NPVs did not change substantially compared with those of each compo-
nent assay alone; all two-test combinations produced NPVs of �95.8% when a 25%
disease prevalence was assumed (range, 95.8 to 97.7%) (Table 6).

DISCUSSION

Accurate serologic tests are needed to inform diagnostic, therapeutic, and public
health decisions. We evaluated three commercial SARS-CoV-2 serologic assays, assess-
ing their performance as stand-alone tests and as components of two-test algorithms.
The nucleocapsid antibody tests included in our study (Abbott IgG and Roche total
antibody assays) were significantly more sensitive and specific than the spike protein
antibody test (DiaSorin IgG assay) when used as stand-alone tests. Pairing any individ-
ual assay with another in a two-test algorithm in which an initial positive result is
verified with a second orthogonal test resulted in a substantially increased PPV com-
pared with those of the component assays alone, while the NPV was minimally affected.

Reflecting the known kinetics of the SARS-CoV-2 antibody response (6), all three
assays were poorly sensitive (�20%) using samples collected �1 week after symptom
onset; few patients seroconvert during this time frame. The two nucleocapsid antibody

TABLE 6 Positive and negative predictive values of three commercial SARS-CoV-2 serologic assays used alone or in two-test algorithms
assuming a range of hypothetical prevalence ratesa

Parameter

Value for test

Abbott Roche DiaSorin Abbott � DiaSorin Abbott � Roche DiaSorin � Roche

PPV (%) if SARS-CoV-2 prevalence is 25% 97.9 99.0 93.1 99.7 99.7 99.7
NPV (%) if SARS-CoV-2 prevalence is 25% 98.7 97.7 96.4 96.5 97.7 95.8
PPV (%) if SARS-CoV-2 prevalence is 10% 93.8 97.2 81.8 99.0 99.0 99.0
NPV (%) if SARS-CoV-2 prevalence is 10% 99.6 99.2 98.8 98.8 99.2 98.6
PPV (%) if SARS-CoV-2 prevalence is 3% 81.0 90.6 55.6 96.5 96.6 96.4
NPV (%) if SARS-CoV-2 prevalence is 3% 99.9 99.9 99.8 99.7 99.9 99.8
PPV (%) if SARS-CoV-2 prevalence is 1.5% 67.6 82.5 38.1 93.3 93.4 93
NPV (%) if SARS-CoV-2 prevalence is 1.5% 99.9 99.9 99.8 99.8 99.9 99.8
PPV (%) if SARS-CoV-2 prevalence is 0.1% 12.1 23.7 3.9 47.1 48.2 46.6
NPV (%) if SARS-CoV-2 prevalence is 0.1% 100 100 100 100 100 100
aAbbreviations: PPV, positive predictive value; NPV, negative predictive value.
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tests were significantly more sensitive than the spike protein antibody test among
samples collected from patients 7 to 14 days after symptom onset, a time frame during
which seroconversion frequently occurs (1, 2). Previous studies of patients infected with
SARS-CoV-1 indicate that a nucleocapsid antibody response develops faster than a
spike protein antibody response; if a similar phenomenon occurs with SARS-CoV-2
infection, this could account for the observed sensitivity difference during this time
frame (15, 16). Still, even the assay with the highest observed sensitivity in the 7- to
14-day period after symptom onset (64%; Roche assay) is inadequate for diagnostic
purposes, emphasizing the limited utility of serology as a diagnostic tool for acute
COVID-19 infection (6). Interestingly, the Abbott IgG nucleocapsid antibody test’s
sensitivity was not inferior to that of the Roche total nucleocapsid antibody test among
the subcategories of patients with �1 week or 7 to 14 days of symptoms, suggesting
that detection of IgM antibody in the Roche assay did not provide significant perfor-
mance improvement during early infection.

No significant differences in sensitivity among the individual assays were seen in
samples tested �14 days after symptom onset, with each assay demonstrating its
highest sensitivity using samples collected during that time frame (range, 89 to 96%).
Each assay’s NPV was �96.4% when a disease prevalence of as high as 25% was
assumed. Thus, any of the individual serologic tests evaluated here would be useful in
ruling out prior exposure in asymptomatic individuals. The observed overall sensitivities
of the Abbott and DiaSorin assays were significantly lower than those claimed by the
manufacturers, potentially due to differences in populations tested between our eval-
uation and theirs. Most of the COVID-19-infected subjects in our study were hospital-
ized patients, perhaps selecting for a sicker cohort than with clinical evaluations
referenced by the manufacturers.

There were important differences in specificity between the individual serologic
assays. The DiaSorin assay’s overall specificity (97.8%) was significantly lower than those
of the Abbott and Roche assays (99.3% and 99.7% specificities, respectively; P � 0.002).
While the difference in overall specificities between the Abbott and Roche assays was
nonsignificant, only the Roche assay met the proposed threshold of �99.5% specificity
suggested by the CDC as being adequate for use as a stand-alone test (7). The Roche
assay’s high specificity may owe not only to the target antigen but also to the method
itself, as sandwich immunoassays are generally less prone to false-positive results than
indirect enzyme-linked immunosorbent assays (ELISAs) (17).

Among the 1,204 control subjects whose samples were collected for routine sero-
logic testing prior to the COVID-19 pandemic, false-positive results were found among
samples known to contain potentially cross-reactive antibodies, especially HIV antibod-
ies (DiaSorin and Abbott assays) and HCV antibodies (DiaSorin assay), as has been
previously reported with other serologic assays (18, 19). Caution should be used when
interpreting results in subjects known to have potentially cross-reactive serum anti-
bodies. The Roche assay did not produce many false-positive results in samples
collected from patients with antibodies against infectious agents but produced them in
a sample from a patient with known autoantibodies, suggesting potential cross-
reactivity in subjects with autoimmune conditions. Only a limited number of such
samples were included in our study; more definitive conclusions cannot be drawn, and
further investigation is required.

Among 64 samples from SARS-CoV-2 PCR-negative patients with respiratory symptoms
during the pandemic, each assay produced lower specificity values than those obtained
using the prepandemic control subject cohort. However, the sample size of the former
cohort was small, and these differences did not reach statistical significance. It is possible
that some control subjects with respiratory symptoms had true COVID-19 infection that was
missed by RNA testing. Indeed, one sample—and only one—tested positive using all three
serologic assays, suggesting the detection of COVID-19-specific antibodies. This sample was
from a healthy male in his 30s who presented in April 2020 with fever, anosmia, shortness
of breath, myalgias, and acute cardiomyopathy. Multiple respiratory SARS-CoV-2 RNA tests
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were negative. For the purposes of this study, the subject remained categorized as
COVID-19 negative, but clinical suspicion remained high.

When any of the commercial assays was paired with another in a two-test algorithm,
specificity was 99.9% (1,267/1,268). In fact, only a single false-positive result was
produced by any two-test pair, corresponding to the control subject mentioned above
who tested positive using all three individual assays. This represents a significant
increase in specificity for the Abbott and DiaSorin assays, but not for the Roche assay,
compared with their use as stand-alone tests. Still, pairing any assay (including the
Roche assay) with another in a two-test algorithm substantially increased the PPV
compared with those of the individual assays alone, at assumed prevalence rates
ranging from 0.1% to 25%. Interestingly, this improvement occurred even when the
Abbott and Roche assays were paired, which use the same antigenic target (nucleo-
capsid protein). For this test pair, orthogonality may derive from the use of different test
formats rather than different antigenic targets. Although pairing assays in two-test
algorithms did reduce sensitivity compared with the constituent assays alone, partic-
ularly in samples collected from subjects 7 to 14 days after symptom onset, the effect
on the NPV was minor. The difference between the NPV of each test pair and the NPVs
of the individual component assays was 2.2% or lower at assumed prevalence rates of
0.1% to 25%.

When selecting a commercial SARS-CoV-2 serologic assay and deciding whether to
verify positive results with an orthogonal assay, clinical laboratorians must consider
many factors beyond the fixed test characteristics of sensitivity and specificity. Relevant
variables include the COVID-19 disease prevalence in the tested population, the
intended use of results, and practical considerations such as sample throughput, test
complexity, reagent availability, and cost per reportable. Correlation with immunity
should also be considered, depending on the assay’s intended use: spike protein
antibodies have been associated with neutralizing activity, although their ability to
predict immunity to SARS-CoV-2 infection remains unknown (20). Table 7 provides
proposed guidance for test selection and for choosing between a single-test and a
two-test approach, based on our findings. In general, we believe that there are select
circumstances under which a two-test approach would add value but that a single-test
approach is adequate for the bulk of testing.

Our study has several limitations. First, the majority of serum samples were frozen
prior to analysis. Second, the DOSO for the COVID-19-positive patients was determined
by medical record review, which relies upon patient self-reporting that can be faulty.
Errors in determining the DOSO would affect sensitivity determinations in our study,
although efforts were made to ensure accuracy, including the use of a standardized
DOSO definition and consensus between independent reviewers for each determina-
tion. Finally, cross-reactivity of the three assays in subjects with underlying autoim-
mune conditions was not fully explored.

In conclusion, the commercial nucleocapsid antibody tests evaluated in this study
outperformed the spike protein antibody assay in terms of overall clinical sensitivity
and specificity. With regard to sensitivity, differences were most pronounced in samples
collected 7 to 14 days after symptom onset, whereas all three assays produced high
(and comparable) sensitivity using samples collected �14 days after symptom onset.
With regard to specificity, only the Roche nucleocapsid antibody assay reached the
proposed target of �99.5% overall specificity suggested by the CDC as being adequate
for use as a stand-alone test. Our findings demonstrate that pairing orthogonal tests in
a two-test algorithm substantially improves the PPV compared with the individual
assays alone, with little effect on the NPV.
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