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ABSTRACT

Objectives: This study compared the diagnostic accuracy of seven different commercial serological assays for COVID-19, using
RT-PCR as the gold standard, through meta-analysis and indirect comparison.

Methods: Fifty-seven studies, published from November 2019 to June 2024, were included. The diagnostic performance of IgA,
IgG, and total antibody assays for SARS-CoV-2 was assessed. The netmeta, rjags, and gemtc packages in R software were used
for adjusted indirect comparison to calculate the relative diagnostic odds ratio (RDOR).

Results: The pooled diagnostic odds ratio (DOR) for Abbott SARS-CoV-2 IgG was 542.81, for Elecsys Anti-SARS-CoV-2 N was
1022.34, for Elecsys Anti-SARS-CoV-2 total was 1701.56, for Euroimmun Anti-SARS-CoV-2 IgA was 45.91, for Euroimmun Anti-
SARS-CoV-2 S1-IgG was 190.45, for Euroimmun Anti-SARS-CoV-2 N-IgG was 82.63, and for LIAISON SARS-CoV-2 S1/S2 IgG
was 178.73. The pooled DOR for IgG, IgA, and total antibody assays was 241.43, 45.91, and 1124.48. The pooled DOR for the an-
tinucleocapsid antigen (anti-N) was 604.29; for the antidomain of viral spike protein (anti-S1) and the antirecombinant S1 and S2
(anti-S1/S2) antigens, the pooled DORs were 119.88 and 178.73. ECLIA and CMIA methods had superior diagnostic performance
compared with CLIA and ELISA, with no significant difference between ECLIA and CMIA. Total antibody assays showed the
highest accuracy, followed by IgG, with IgA performing least effectively.

Conclusions: Elecsys Anti-SARS-CoV-2 total and N assays had the best overall diagnostic test accuracy. The diagnostic efficacy
of the anti-N total, IgG antibodies was statistically significantly higher than that of anti-S IgG and IgA antibodies for COVID-19.

1 | Introduction replication timing and the quality of the sample [2]. Many sus-
pected patients required repeated testing for several days before
Severe acute respiratory coronavirus 2 (SARS-CoV-2) is the confirmation. Despite high analytical sensitivity, the RT-PCR

causative agent of coronavirus disease 2019 (COVID-19). Real- performance has been unsatisfactory in practice [3]. Particularly
time reverse transcription polymerase chain reaction (RT- for asymptomatic infections and epidemiological studies. In
PCR)-remains the gold standard for COVID-19 diagnosis [1]. contrast, serological testing is valuable for population surveil-

However, its accuracy is influenced by factors such as viral lance, vaccine response monitoring, and as a supplement to
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RNA detection. Current evidence indicates that antibody tests
can help confirm the present or past infection, although their
clinical indications remain limited [4]. In addition, when com-
bined with other laboratory and clinical findings, serological
assays provide important insights for epidemiological monitor-
ing and outbreak control. Measuring antibody response against
SARS-CoV-2 has become a common strategy to assess exposure
prevalence worldwide [5].

Serological testing is also useful for monitoring the spread of the
SARS-CoV-2 pandemic in communities, identifying individu-
als who may serve as prophylactic or therapeutic neutralizing
antibodies [6]. Several serological assays have been developed
to detect SARS-CoV-2 antibodies in human serum or plasma,
primarily targeting two major structural proteins, including the
nucleocapsid (N) protein and the spike (S) glycoproteins. The S
protein consists of S1 and S2 subunits, while the N protein is
the most abundant viral protein, detectable early in blood and
saliva during both asymptomatic and symptomatic infection.
Moreover, the N protein is highly immunogenic and elicits
strong antibody responses in COVID-19 patients [7]. Burbelo
et al. reported that N protein antibodies were more sensitive
than the S glycoprotein antibody for detecting early infection
[8]. Commercial immunoassays commonly measure single im-
munoglobulin classes (IgM, IgG or IgA) or total antibody lev-
els. IgM antibodies typically appear within the first 2weeks of
symptom onset and decline soon after an infection clearance,
indicating recent infection. IgG antibodies emerge later but per-
sist for months to years [3]. Zervou et al. reported that IgA is the
predominant immunoglobulin in early disease, with the highest
level observed in patients with severe critical illness [9]. Recent
findings suggest IgA is a promising early serological biomarker
correlated with infection severity, and its role in controlling
SARS-CoV-2 infection is becoming increasingly evident [10].

Serological testing for specific SARS-CoV-2 antibodies is a sup-
plementary diagnostic tool and serves an essential role in eval-
uating immune responses to infection. Although practical, the
reliability of serological assays depends on rigorous validation.
In the early pandemic, numerous assays were rapidly developed
and validated with limited samples, leading to suboptimal per-
formance and low sensitivity. Many were unsuitable for clinical
purposes or population monitoring. Larger manufacturers later
introduced assays functional for mass testing, and while some
comparative studies exist, large-scale evaluations remain lim-
ited. This study aimed to assess the diagnostic accuracy of seven
commercially available anti-SARS-CoV-2 antibody assays to
ensure result comparability and strengthen scientific evidence.
Due to insufficient direct comparative data, we conducted an
indirect comparison of their diagnostic performance. The as-
says comparison included the Abbott SARS-CoV-2 IgG assays
from Abbott Laboratories (Abbott, Chicago, IL, USA), Elecsys
Anti-SARS-CoV-2 N (anti-N) and Elecsys Anti-SARS-CoV-2
total antibody assays from Roche Diagnostics (Roche, Basel,
Switzerland), Euroimmun Anti-SARS-CoV-2 IgA, Euroimmun
Anti-SARS-CoV-2 S1-IgG, and Euroimmun Anti-SARS-CoV-2
N-IgG assays from EUROIMMUN (Liibeck, Germany), and the
LIAISON SARS-CoV-2 S1/S21gG assay from DiaSorin (Saluggia,
Italy). These assays are based on different detection methods,
including electrochemiluminescence immunoassays (ECLIA),
chemiluminescent microparticle immunoassays (CMIA),

chemiluminescence immunoassays (CLIA), and enzyme-linked
immunosorbent assays (ELISA). Additionally, we aimed to
evaluate the diagnostic accuracy of the target antibodies (total
antibody, IgG, IgA), target antigens (N, S1, S1/S2), and assay
methods through meta-analysis and indirect comparison.

2 | Materials and Methods
2.1 | Search Strategy and Study Selection

Studies were retrieved from the Cochrane Library, PubMed,
Embase, Web of Science, Chinese Biological Medicine Database
(CBM), China National Knowledge Infrastructure (CNKI), and
WANFANG databases. The search covered November 2019 to
June 2024, using the strategy detailed in Appendix S1, and was
limited to articles published in Chinese or English. Reference
lists of included studies were also screened. This review fol-
lowed the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Appendix S2).

2.2 | Inclusion and Exclusion Criteria

The seven-assay comparison included the Abbott SARS-CoV-2
IgG, Elecsys Anti-SARS-CoV-2 N, Elecsys Anti-SARS-CoV-2
total, Euroimmun Anti-SARS-CoV-2 IgA, Euroimmun Anti-
SARS-CoV-2 S1-IgG, Euroimmun Anti-SARS-CoV-2 N-IgG, and
LIAISON SARS-CoV-2 S1/S2 IgG. All primary studies evalu-
ating the performance of these assays were eligible. Inclusion
criteria were as follows: (1) the studies using RT-PCR as the di-
agnostic reference standard for SARS-CoV-2; (2) availability of
patient's serum samples for serologic testing, with COVID-19
diagnosis confirmed by RT-PCR and/or imaging and laboratory
findings; (3) negative control serum samples collected before
2019 or from individuals with PCR-confirmed non-COVID-19
infection within the previous 6 months; (4) availability of true
positive (TP), true negative (TN), false positive (FP), and false
negative (FN) data, or sufficient data to derive these values; (5)
only English and Chinese language manuscripts were assessed.

Exclusion criteria were as follows: (1) the studies assessing “in-
house” assay like enzyme immunoassay (EIA) or ELISA; (2) the
studies on commercial assays for detecting SARS-CoV-2 neutral-
izing antibodies; (3) the studies focused on antibodies generated
by vaccines; (4) the studies diagnosing COVID-19 solely by clin-
ical presentation or local guidelines without RT-PCR confirma-
tion; (5) studies lacking sufficient information on manufacturer/
platform, assays method, immunoglobulin classes (IgG, IgA, or
total antibody) or the SARS-CoV-2 targeting antigen used; (6)
purely observational studies inappropriate for diagnostic ac-
curacy testing; (7) studies with fewer than 30 negative control
samples or reporting only analytical sensitivity; (8) studies from
which data could not be extracted.

2.3 | Data Extraction and Quality Assessment
Two reviewers independently extracted and assessed study

quality using the Quality Assessment of Diagnostic Accuracy
Studies (QUADAS-2) tool, focusing on patient selection, index
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test performance, reference test performance, and flow/timing
(for risk of bias). Extracted data included the first author, publi-
cation year, assay method, manufacturer/platform, target anti-
gen, antibody type, COVID-19 patient samples, and the samples
of the control group. Quality assessment was conducted for each
test method and study population.

2.4 | Statistical Analysis

The meta-analyses were performed by assay type, serological
method, immunoglobulin class, and SARS-CoV-2 target an-
tigen. Pooled sensitivity, specificity, positive likelihood ratio
(PLR), negative likelihood ratio (NLR), diagnostic odds ratio
(DOR), and the summary receiver operating characteristic
(SROC) curves with 95% confidence intervals (CIs) were mea-
sured. The SROC curve based on 2 X2 contingency tables illus-
trated sensitivity and specificity for each arm, while the area
under the curve (AUC) was used to evaluate diagnostic accu-
racy. Indirect comparisons were performed against RT-PCR as
the reference standard, with the relative diagnostic odds ratio
(RDOR) presented in a forest plot using R software (Parametric
Technology Corporation). Publication bias was assessed with
Deek's test.

3 | Results

3.1 | Study Characteristics

A total of 5376 records were identified in the preliminary search.
After removing 3564 duplicates and excluding 1694 based on

title or abstract screening, 118 full-text articles were assessed for
eligibility. Finally, 57 articles [11-67], including 148 study arms,

were included (Figure 1). These studies were published between
2020 and 2024. Detailed study characteristics are provided in
Appendix S3: Table S1.

3.2 | Quality Assessment of the Included Studies

Figure 2 presents the QUADAS-2 assessments for the 57 in-
cluded articles. Five articles were judged as “high risk” for bias
in the patient selection, while eight articles were “unclear” in
the reference standard domain, as COVID-19 diagnosis was
based solely on a positive RT-PCR result regardless of symp-
toms, or samples were collected from recovered patients.
Seventeen studies were rated “high risk” in the flow and tim-
ing domain. We defined an appropriate time interval of > 7 days
between the first positive RT-PCR result and serum collection.
Studies with shorter intervals were judged “high risk,” includ-
ing Chansaenroj [15], Chiereghin [17], Davidson [19], Egger
[21], Favresse [24], Fischer [25], Irsara [33], Sekirov [54], Tan
[57], and Wolff [65]. Studies using different protocols or RT-
PCR reagents were also judged “high risk,” including Beavis
[13], Chua [18], Ekelund [22], Horn [30], and Ward [64]. Ige [31]
was rated “high risk” because four serum samples had insuffi-
cient volumes and were excluded. Syre [56] was similarly judged
due to the inclusion of erum samples collected 1year after PCR
positivity. Full QUADAS-2 assessments with explanations are
shown in Appendix S4: Table S2.

3.3 | Data Synthesis and Meta-Analysis
Firstly, we evaluated the pooled performance metric (sensitivity,

specificity, PLR, NLR, DOR, and AUC) of the seven serological
assays (Table 1). SROC curves were constructed for all assays

» Duplicate records removed (n=3564)

Purely observational studies that were inappropriate to test diagnostic accuracy,
Studies only reported analytical sensitivity, Case reports, review articles, and

meta-analysis articles removed (n=1694)

Evaluated the performance of commercially available assays for the detection of

Evaluated the serological assays for the detection of antibodies generated by vaccines

The studies in which the participants at diagnosis of COVID-19 either not used RT-PCR

Full texts excluded (n=61) for these reasons
Evaluated the performance of “in-house” serological assay (n=3)

SARS-CoV-2 specific neutralizing antibodies (n=3)

against SARS-CoV-2 (n=3)
Commercial COVID-19 serology rapid assays (n=15)

or without a positive RT-PCR result was found (n=23)
Serological assays without providing sufficient information (n=4)
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FIGURE1 | Flow diagram of selecting the literature and screening process.
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FIGURE 2 | Risk of bias and applicability concerns summary.

(Figure 3C) to visually assess overall diagnostic performance.
The Euroimmun Anti-SARS-CoV-2 IgA and Euroimmun Anti-
SARS-CoV-2 S1-IgG assays showed pooled sensitivities of 80%,
while Abbott SARS-CoV-2 IgG and LIAISON SARS-CoV-2 S1/
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S21gG both had 81%. The Euroimmun Anti-SARS-CoV-2 N-IgG
assay had the lowest pooled sensitivity at 76%. In terms of spec-
ificity, Euroimmun Anti-SARS-CoV-2 IgA performed poorly,
while the other six assays exceeded 97%.
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The Elecsys Anti-SARS-CoV-2 total and Elecsys Anti-SARS-
CoV-2 N assays demonstrated the strongest diagnostic perfor-
mance, with pooled PLR 303.50 and 617.90, pooled NLR of 0.11
and 0.15, and marked higher DORs (1701.56 and 1022.34 re-
spectively) compared with other assays. The AUC values were
1.00 (95% CI: 0.99-1.00) for Elecsys Anti-SARS-CoV-2 total,
0.99 (95% CI: 0.98-1.00) for Elecsys Anti-SARS-CoV-2 N, 0.99
(95% CI: 0.97-0.99) for Abbott SARS-CoV-2 IgG, 0.98 (95%
CI: 0.96-0.99) for Euroimmun Anti-SARS-CoV-2 S1-IgG, and
LIAISON SARS-CoV-2 S1/S2 IgG. These findings indicate that
the Elecsys Anti-SARS-CoV-2 total, Elecsys Anti-SARS-CoV-2
N, and Abbott SARS-CoV-2 IgG assays had the highest diag-
nostic accuracy. We further assessed pooled DOR (Figure 3A)
and performed an indirect comparison of assay performance.
A forest plot of RDOR value with 95% CIs was generated using
R software (Figure 3B). No significant differences were ob-
served among Elecsys Anti-SARS-CoV-2 total, Elecsys Anti-
SARS-CoV-2 N, and Abbott SARS-CoV-2 IgG. Similarly, no
significant differences were found in comparisons between
Euroimmun Anti-SARS-CoV-2 N-IgG and either Euroimmun
S1-IgG (RDOR 0.47; 95% CI: 0.16-1.38) or LIAISON S1/S2 IgG
(RDOR 0.55; 95% CI: 0.18-1.66), or between Euroimmun S1-
IgG and LIAISON S1/S2 IgG (RDOR 1.17; 95% CI: 0.55-2.49).
However, diagnostic accuracy was significantly lower for
Euroimmun IgA compared with Euroimmun S1-IgG (RDOR
0.24; 95% CI: 0.10-0.57) and LIAISON S1/S2 IgG (RDOR 0.28;
95% CI: 0.12-0.66). We categorized the serological assays by
the method: ECLIA, CMIA, ELISA, and CLIA. An indirect
comparison was conducted to evaluate diagnostic accuracy
across these techniques (Figure 4A). ECLIA demonstrated the
highest diagnostic performance, with both ECLIA and CMIA
outperforming CLIA and ELISA. No significant difference
was observed between ECLIA and CMIA (RDOR=0.75; 95%
CI: 0.29-1.94). In contrast, RDOR values indicated a substan-
tial difference in diagnostic accuracy among CMIA, CLIA, and
ELISA (Figure 4B).

The pooled DOR of antibody assays against the SARS-CoV-2
antigen further supports these findings. Assays target-
ing the N antigen achieved the highest diagnostic accuracy
(DOR=604.29; 95% CI: 403.01-906.09) in a comparison of
assays targeting the S1 antigen (DOR =119.88; 95% CI: 78.28-
183.58) and S1/S2 antigen (DOR=178.73; 95% CI: 96.83-
329.90) demonstrated lower but comparable accuracy, with
no significant difference (RDOR=0.69; 95% CI: 0.32-1.48)
(Figure 4C,D).

We evaluated the diagnostic performance of assays targeting
different antibody types (Figure 4E). The results showed that
the pooled DOR for IgA was 45.91 (95% CI: 26.77-78.74), for IgG
was 241.43 (95% CI: 180.48-322.95) and for total antibody was
1124.48 (95% CI: 591.93-2136.15) (Figure 4E). Moreover, indi-
rect comparison results of RDOR with 95% CIs showed that total
antibody had better diagnostic accuracy than IgG and IgA, with
a significant difference. IgG showed significantly better diag-
nostic accuracy than IgA (Figure 4F).

3.4 | Sensitivity Analysis

We examined heterogeneity across seven serological assays; signifi-
cantly high heterogeneity was observed for Abbott SARS-CoV-2
IgG, Elecsys Anti-SARS-CoV-2 N, Euroimmun Anti-SARS-CoV-2
IgA, Euroimmun Anti-SARS-CoV-2 S1-IgG, and LIAISON SARS-
CoV-2 S1/S2 IgG (Table 1). To explore potential sources, sensitivity
analysis was conducted by sequentially omitting individual stud-
ies. Omitting a single study did not significantly affect the pooled
DOR. However, heterogeneity decreased when “Kundu 2022 [36]”
was omitted from Abbott SARS-CoV-2 IgG (I*=58%, p<0.01)
(Appendix S5: Figure S1), and Elecsys Anti-SARS-CoV-2 N
(I?=56%, p<0.01) (Appendix S5: Figure S2), and when “Davidson
2020 [19]” was excluded from Euroimmun Anti-SARS-CoV-2 IgA
(I?=63%, p<0.01) (Appendix S5: Figure S3). Similarly, “Favresse

A
Assay DOR 95% CI Diagnostic Odds Ratio
Abbott SARS-CoV-21gG n=32 542.83 (310.69- 948 42) &
Elecsys Anti-SARS-CoV-2N n=29 1022.39 (469.38-2226.97) —=
Elecsys Anti-SARS-CoV-2 Total n=9 1701.56 (904.17-3202.17) —&—
Euroimmun Anti-SARS-CoV-2IgA n=15 45.91(26.77- 78.73) -
Euroimmun Anti-SARS-CoV-2 S1-1gG  n=30 190.45 (123.86- 292.84) =
Euroimmun Anti-SARS-CoV-2 N-gG n=8  82.63 ( 54.60- 125.05) =
LIAISON SARS-CoV-2 §1/S21gG n=25 178.73 ( 96.84- 329.90) ———— —&— s
01l 0512 'S 3500
B
Comparisons RDOR 95% CI Null = '
Abbott SARS-CoV-2 IgG VS Elecsys Anti-SARS-CoV-2 N Total 054 (0.24- 1.21) —a 2
Abbott SARS-CoV-2IgG VS Elecsys Anti-SARS-CoV-2 Total 0.34(0.10- 1.16) —& 5
Abbott SARS-CoV-2 IgG VS Euroimmun Anti-SARS-CoV-2 IgA 10.99 (4.66- 25.93) —a— @
Abbott SARS-CoV-2 IgG VS Euroimmun Anti-SARS-CoV-2 N-lgG 568 (1.92-16.81) —8—
Abbott SARS-CoV-2 IgG VS Euroimmun Anti-SARS-CoV-2 S1-igG 265(1.25- 561) —4—
Abbott SARS-CoV-2 IgG VS LIAISON SARS-CoV-2 $1/S21gG 3.10(1.44- 6.67) —
Elecsys Anti-SARS-CoV-2 N Total VS Elecsys Anti-SARS-CoV-2 Total 063(0.18- 2.21) —8—
Elecsys Anti-SARS-CoV-2 N Total VS Euroimmun Anti-SARS-CoV-2 IgA 20.33(8.23-50.21) —a— 03T
Elecsys Anti-SARS-CoV-2 N Total VS Euroimmun Anti-SARS-CoV-2 N-gG 10.50 (3.42-32.23) —8—
Elecsys Anti-SARS-CoV-2 N Total VS Euroimmun Anti-SARS-CoV-2 S14gG ~ 4.91 (2.20- 10.94) —a—
Elecsys Anti-SARS-CoV-2 N Total VS LIAISON SARS-CoV-2 §1/S21gG 572(2.52-12.98) —— 02T
Elecsys Anti-SARS-CoV-2 Total VS Euroimmun Anti-SARS-CoV-2 IgA 32.31(8.89-117.39) —&—
Elecsys Anti-SARS-CoV-2 Total VS Euroimmun Anti-SARS-CoV-2 N-gG 16.69(3.91-71.21) —a
Elecsys Anti-SARS-CoV-2 Total VS Euroimmun Anti-SARS-CoV-2 S11gG ~ 7.79(2.30- 26.39) —— 011
Elecsys Anti-SARS-CoV-2 Total VS LIAISON SARS-CoV-2 $1/S21gG 9.10(2.65-31.21) —&—
Euroimmun Anti-SARS-CoV-2 IgA VS Euroimmun Anti-SARS-CoV-2N4gG ~ 0.52 (0.16- 1.66) —
Euroimmun Anti-SARS-CoV-2 IgA V'S Euroimmun Anti-SARS-CoV-2 S11gG ~ 0.24 (0.10- 0.57) —&— 0 o's Y o7 Y Y o Yy o2 o
Euroimmun Anti-SARS-CoV-2 IgA VS LIAISON SARS-CoV-2 $1/S2 IgG 0.28 (0.12- 0.66) —a— Specificity
Euroimmun Anti-SARS-CoV-2 N-lgG VS Euroimmun Anti-SARS-CoV-2 S1-gG 0.47 (0.16- 1.38) —8— r— Legend =
Euroimmun Anti-SARS-CoV-2 N-lgG VS LIAISON SARS-CoV-2 $1/S21gG 0.55(0.18- 1.66) — : Abbott SARS-CoV-2 1gG ® Euroimmun Anti-SARS-CoV-2 $1-1gG
Euroimmun Anti-SARS-CoV-2 $1-1gG VS LIAISON SARS-CoV-2$1/S21gG  1.17 (0.55- 2.49) Elecsys Anti-SARS-CoV-2 N Total Euroimmun Anti-SARS-CoV-2 N-IgG
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FIGURE3 | (A)The pooled DOR with 95% CIs of seven serological assays for diagnosing COVID-19 were shown by forest plots. (B) Indirect com-
parison forest plots of RDOR with 95% CIs for all seven pairwise assays comparisons. (C) SROC plots of the seven serological assays. DOR, diagnostic

odds ratio; CIs, confidence intervals; RDOR, relative diagnostic odds ratio; SROC, summary receiver operating characteristic curves.
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2021 [24]” accounted for heterogeneity in Euroimmun Anti-SARS-
CoV-2 N-IgG (I?=0%, p=0.47 after omitting) (Appendix S5: Figure
S4). The observed heterogeneity could be attributed to differences
in assay methods, manufacturers, targeted antigens, and blood
collection periods. Nevertheless, no significant heterogeneity was
observed for Elecsys Anti-SARS-CoV-2 total (I?=0, p=0.83) and
Euroimmun Anti-SARS-CoV-2 N-IgG (I?=31%, p=0.18).

3.5 | Subgroup Analysis

A subgroup analysis was conducted to evaluate the source of
heterogeneity in Abbott SARS-CoV-2 IgG assays by automated
method (divided into “CLIA group” and “CMIA group”). Results
showed that higher heterogeneity in the CLIA group (I*=82%,
p<0.01) compared with the CMIA group (I?=55%, p<0.01),

suggesting variability linked to differences in automated instru-
mentation. Specifically, CMIA-based Abbott Alinity platforms
performed better than CLIA-based Abbott Architect platforms.
Additionally, a time interval subgroup analysis, based on dura-
tion between the first RT-PCR positive result and serum collection
(“>7days” vs. “within 7 days”) was performed for seven assays.
The results indicated higher diagnostic efficiency in the“> 7 days”
group for Abbott SARS-CoV-2 IgG, Elecsys Anti-SARS-CoV-2 N,
Euroimmun Anti-SARS-CoV-2 IgA, Euroimmun Anti-SARS-
CoV-2 S1-IgG, and LIAISON SARS-CoV-2 S1/S2 IgG (Figure 5).

3.6 | Risk of Publication Bias Assessment

Publication bias was evaluated using Deek's test, and the corre-
sponding funnel plot was constructed (Appendix S6). The slope

A B
Comparisons RDOR 95% CI Null
Method DOR 95% CI Diagnostic Odds Ratio CLIAVS CMIA 0.37 (0.16- 0.86) —
CLIA n=45 286.30 (176.26- 465.02) -8 CLIAVS ECLIA 028(0.13-061) —#——
CMIA n=21 740,67 (43123-1272.15) i S | — &
ECLA n=29 1022.34 (469.37-2226.79) i i B 22'86:1 i 1)) - =
ELISA n=53 11369(7829-16509) | faay ECLAVS ELISA 858 (4.02.18.31) B
I T T T T -1

c 051 2 01 02 05 1 2 5 20
Targete antigen DOR 95% CI Diagnostic Odds Ratio Comparisons RDOR 95% CI Null
N n=78 604.29 (403.01-906.09) NVS S1 4.84(2.66-8.80) ——
S1/S2 n=25 178.73 ( 96.83-329.90) —8— N VS §1/82 3.33 (1.62-6.85) — 8
S1 n=45 119.88(7828-183.58) 5 S1VS S1/82 069(0.32-1.48) | , - o | , |
E 051 2 1000 F 02 0.5 1 2 5 10
Antibody DOR 95% CI Diagnostic Odds Ratio Comparisons RDOR 95% CI Null
IgA n=15 4591(26.77- 78.74) —— 19G VS IgA 4.95(2.36-10.37) —i—
IgG n=95 241.43 (180.48- 322.95) e IgG VS Total Ab 0.22 (0.12- 0.40) —&
Total Ab n=38 1124.48 (591.93-2136.15) | e IgA VS Total Ab 0.04(0.02-009) _'_, —— —

051 2 2500 0.01 0.1 051 2 10 20

FIGURE4 | (A)The pooled DOR with 95% CIs of four methods for diagnosing COVID-19 were shown by forest plots. (B) Indirect comparison for-
est plots of RDOR with 95% CIs for all four pairwise methods comparisons. (C) The pooled DOR with 95% CIs of antibody assays against the three tar-
geting antigens were shown by forest plots. (D) Indirect comparison forest plots of RDOR with 95% CIs for all three pairwise targeting antigens com-
parisons. (E) The pooled DOR with 95% CIs of immunoglobulin were shown by forest plots. (F) Indirect comparison forest plots of RDOR with 95%
CIs for all three pairwise immunoglobulin comparisons. DOR, diagnostic odds ratio; CIs, confidence intervals; RDOR, relative diagnostic odds ratio.
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> 7 days (1"2=87%, P<0.01) 1069 08 (448 18-2550.18) —a—
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<7 days ("2=74%, P=0.01) 94.96 ( 29.99- 300.70) —
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FIGURES5 | Subgroup analysis forest plot of DOR with 95% CIs for Abbott SARS-CoV-2 IgG. DOR, diagnostic odds ratio; CIs, confidence intervals.
Harritshej LH et al., serum samples were tested by two platforms: (A) Abbott Alinity; (B) Abbott Architect.
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coefficient result of the t-value was —5.95 (p <0.05), indicating
significant publication bias.

4 | Discussion

Determining seroprevalence is a critical component of the
COVID-19 response, and understanding the strengths and
limitations of serological testing is essential for its applica-
tion. Compared with molecular methods, serological assays
generally offer faster turnaround times, higher throughput,
and less workload. Moreover, assessing seroconversion al-
lows the identification of individuals previously exposed to
SARS-CoV-2, as well as those potentially protected, therefore
supporting evidence-based decisions on relaxing containment
measures [68]. Several systematic reviews and meta-analyses
have evaluated the diagnostic characteristics of serological as-
says for SARS-CoV-2, focusing primarily on overall sensitivity
and specificity [69-71], as well as study and patient-level fac-
tors [72]. Building on this literature, our study provides pooled
estimates of diagnostic accuracy for seven commercial assays,
with RT-PCR used as the reference standard. We further con-
ducted an indirect comparison by calculating RDOR and
visualized results using forest plots with 95% CI. Our study
demonstrated that Elecsys Anti-SARS-CoV-2 total and Elecsys
Anti-SARS-CoV-2 N assays achieved the highest diagnostic
performance, considering both sensitivity and specificity,
followed by the Abbott SARS-CoV-2 IgG assay. Importantly,
no significant differences in diagnostic accuracy were ob-
served among the Elecsys Anti-SARS-CoV-2 total, Elecsys
Anti-SARS-CoV-2 N, and Abbott SARS-CoV-2 IgG assays.
However, both the Euroimmun Anti-SARS-CoV-2 S1-IgG and
LIAISON SARS-CoV-2 S1/S2 IgG assays showed significantly
higher diagnostic accuracy compared with the Euroimmun
Anti-SARS-CoV-2 IgA assay. We also constructed an indi-
rect comparison to assess the diagnostic accuracy of the four
immunoassay techniques. In this analysis, CLIA (including
Abbott SARS-CoV-2 IgG, Elecsys Anti-SARS-CoV-2 total and
LIAISON SARS-CoV-2 S1/S2 IgG assays), CMIA (including
Abbott SARS-CoV-2 IgG assay), ECLIA (including Elecsys
Anti-SARS-CoV-2 N assay) and ELISA (Euroimmun Anti-
SARS-CoV-2 N-IgG, Euroimmun Anti-SARS-CoV-2 S1-IgG,
and Euroimmun Anti-SARS-CoV-2 IgA assays) were evalu-
ated. The DOR indicated that CLIA and ELISA demonstrated
lower diagnostic performance compared with ECLIA and
CMIA. Moreover, RDOR values confirmed that the diagnos-
tic accuracy of CLIA and ELISA was statistically significantly
lower than that of ECLIA and CMIA. The antibodies assessed
in these assays primarily targeted the structural proteins of
SARS-CoV-2. Among the four coronavirus structural proteins,
the spike (S) and nucleocapsid (N) proteins have been identi-
fied as the most immunogenic and are widely used in the de-
velopment of serological assays for COVID-19 diagnosis [73].
The seven included assays differ both in the immunoglobulin
classes detected (IgA, IgG, or total antibody) and the antigen
employed for antibody recognition. Specifically, some assays
such as Abbott SARS-CoV-2 IgG, Elecsys Anti-SARS-CoV-2 N,
Elecsys Anti-SARS-CoV-2 total, and Euroimmun Anti-SARS-
CoV-2 N-IgG were based on the N antigen. In contrast, others,
including Euroimmun Anti-SARS-CoV-2 IgA, Euroimmun
Anti-SARS-CoV-2 S1-IgG, and LTAISON SARS-CoV-2 utilized

the S1 or S1/S2 antigens. Assays detecting antibodies against
the N antigen exhibited the highest diagnostic accuracy com-
pared with those targeting S1 or S1/S2 antigens. The diagnos-
tic accuracy of anti-S1 and anti-S1/S2 assays was comparable,
with no statistically significant difference between the two.

SARS-CoV-2 infection generates antibodies to both the nucle-
ocapsid (N) and spike (S) antigens, allowing detection through
an assay targeting either antigen. However, vaccines are de-
signed to elicit antibodies primarily against the S antigen or
its receptor-binding domain (RBD) [74], meaning that a pos-
itive anti-S antibody result may reflect either prior infection
or vaccination. Since few studies reported participants’ vac-
cination status, it remains uncertain how vaccination influ-
enced assay performance. Our analysis showed that ELISA
assays (Euroimmun Anti-SARS-CoV-2 S1-IgG, Euroimmun
Anti-SARS-CoV-2 IgA) and CLIA assays (LIAISON SARS-
CoV-2 S1/S2 IgG) using the S antigen demonstrated higher
pooled sensitivity than ELISA assays targeting the N anti-
gen (Euroimmun Anti-SARS-CoV-2 N-IgG). In contrast, the
CMIA assays using the N antigen (Abbott Alinity SARS-CoV-2
1gG) outperformed S-based ELISA and CLIA assays. Overall,
the Elecsys Anti-SARS-CoV-2 N assay and the Elecsys Anti-
SARS-CoV-2 total antibody assay, both targeting the N anti-
gen and based on ECLIA and CLIA performance, exhibit the
highest diagnostic accuracy. Although a general trend sug-
gests slightly better performance for S antigen-based assays,
results indicate that assay accuracy depends more on test
design, methodology, timing of sample collection, and study
population than on antigen choice alone. Due to limited re-
porting, the effect of vaccination on diagnostic accuracy could
not be directly assessed.

To examine the effect of timing on diagnostic accuracy,
studies were categorized into two groups: samples collected
within 7 days and those > 7 days after RT-PCR positive results.
Subgroup analysis showed that antibody assays had greater
diagnostic efficacy when samples were obtained >7days
post-infection, as reflected in a higher pooled DOR (Table 1).
Notably, no heterogeneity was observed for Elecsys Anti-
SARS-CoV-2 N (I?=0%, p=0.71) and LIAISON SARS-CoV-2
S1/S2 1gG (I*=0%, p=0.61) within the >7day subgroup,
whereas heterogeneity remained high in the > 7 day subgroup.
Al Haddad et al. have reported that the sensitivity was low
for four automated serological assays (Abbott, Euroimmun,
Roche, and Snibe) within 7 days but increased with longer in-
tervals [75]. Similarly, Zhao et al. found excellent sensitivity
of the total antibody tests after 1week, with rapid increases
in seroconversion rates and antibody levels during the first
2weeks [3]. These findings support the patterns observed in
our subgroup analysis results.

Our study has several limitations. First, most previous evalua-
tions of SARS-CoV-2 antibody assays reported that IgM-based
tests demonstrated the lowest diagnostic accuracy compared
with other antibody isotypes. However, we could not as-
sess IgM-based assays due to the limited number of studies.
Second, despite following a standardized search strategy, the
absence of a universally accepted search term may have led to
the omission of relevant articles. Third, indirect comparison
provides weaker evidence than direct comparison; however,
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this approach was necessary given the scarcity of head-to-
head studies.

5 | Conclusions

This study compared seven anti-SARS-CoV-2 antibody assays
and identified three (Elecsys Anti-SARS-CoV-2 total, Elecsys
Anti-SARS-CoV-2 N, and Abbott SARS-CoV-2 IgG) as demon-
strating the highest diagnostic efficiency. Overall, anti-N total,
IgG antibodies showed statistically significantly higher diagnos-
tic accuracy than anti-S IgG and IgA antibodies. Furthermore,
assays based on ECLIA, CMIA, and CLIA platforms exhib-
ited higher accuracy than ELISA assays, suggesting they are a
more reliable option for large-scale testing, surveillance of virus
spread, and monitoring herd immunity. Although vaccine-
induced antibodies may influence performance, our findings
indicate that the choice of antibody target and detection method
plays a more decisive role in diagnostic accuracy than the anti-
gen type alone.
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