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Knowledge of the sensitivities of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibody tests beyond 35 days
after the clinical onset of COVID-19 is insufficient. We aimed to describe positivity rate of SARS-CoV-2 assays employing three
different measurement principles over a prolonged period. Two hundred sixty-eight samples from 180 symptomatic patients
with COVID-19 and a reverse transcription polymerase chain reaction (RT-PCR) test followed by serological investigation of
SARS-CoV-2 antibodies were included. We conducted three chemiluminescence (including electrochemiluminescence assay
(ECLIA)), four enzyme-linked immunosorbent assay (ELISA), and one lateral flow immunoassay (LFIA) test formats. Positivity
rates, as well as positive (PPVs) and negative predictive values (NPVs), were calculated for each week after the first clinical
presentation for COVID-19. Furthermore, combinations of tests were assessed within an orthogonal testing approach employing
two independent assays and predictive values were calculated. Heat maps were constructed to graphically illustrate operational
test characteristics. During a follow-up period of more than 9 weeks, chemiluminescence assays and one ELISA IgG test showed
stable positivity rates after the third week. With the exception of ECLIA, the PPVs of the other chemiluminescence assays were
>95% for COVID-19 only after the second week. ELISA and LFIA had somewhat lower PPVs. IgM exhibited insufficient
predictive characteristics. An orthogonal testing approach provided PPVs > 95% for patients with a moderate pretest probability
(e.g., symptomatic patients), even for tests with a low single test performance. After the second week, NPVs of all but IgM
assays were >95% for patients with low to moderate pretest probability. The confirmation of negative results using an
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orthogonal algorithm with another assay provided lower NPVs than the single assays. When interpreting results from SARS-
CoV-2 tests, the pretest probability, time of blood draw, and assay characteristics must be carefully considered. An orthogonal
testing approach increases the accuracy of positive, but not negative, predictions.

1. Introduction

Coronavirus Disease 2019 (COVID-19) is a pandemic that
has challenged healthcare systems worldwide [1]. The disease
is caused by the severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) [2]. Its diagnosis is based on clinical
symptoms and signs, radiological imaging, detection of the
virus with reverse transcription polymerase chain reaction
(RT-PCR) or antigen testing mainly in respiratory speci-
mens, and serological confirmation of SARS-CoV-2-specific
antibodies in serum [3, 4]. Although RT-PCR has been
reported to possess 100% specificity, it does not provide
100% sensitivity in diagnosing COVID-19 [5], due to issues
related to the preanalytical sample quality as well as local
and temporal changes in viral shedding [5-7]. In the clinic,
serological testing has increasingly become important to clar-
ify RT-PCR-negative patients with a high clinical suspicion
of COVID-19 (“false negatives”) [8]. Furthermore, serologi-
cal testing has also become important for surveillance and
tracing purposes to identify the disease prevalence in a dis-
tinct population or identify close contacts of patients with
asymptomatic COVID-19 [9].

Recently, a Cochrane review systematically analyzed the
sensitivity of different assays in diagnosing COVID-19 and
concluded that the time since the onset of symptoms is a crit-
ical determinant of test sensitivity [3]. Antibody tests can
play a useful role after the first week of symptom onset [3].
However, the authors obtained very little data to describe
the sensitivity of the different tests after 35 days. The present
study is aimed at describing the positivity rates of different
serological tests after a diagnosis of COVID-19 for a pro-
longed period of up to 9 weeks.

2. Methods

2.1. Study Setting and Study Population. This retrospective
study was conducted using anonymized samples. These
samples were obtained from patients in Switzerland and the
principality of Liechtenstein and sent to a binational group
of medical laboratories (labormedizinische zentren Dr. Risch,
Switzerland and Liechtenstein). Samples were included in the
analysis when patients had a positive RT-PCR for COVID-19
prior to serum sampling. The vast majority of the RT-PCR-
positive results was obtained during March and April 2020,
and three further RT-PCR-positive results were obtained
until June 12, 2020. The serum samples mainly originated
from outpatient settings. During March and April, RT-PCR
testing in Switzerland and Liechtenstein was offered to
individuals presenting with a fever of 38°C and respiratory
symptoms, whereas after April 2020, testing was offered to
individuals displaying any possible COVID-19 symptom
[10]. The study protocol was verified by the cantonal ethics
boards of Zurich (BASEC Req-20-00587) and Eastern Swit-
zerland (EKOS; BASEC Nr. Req-2020-00586). Informed

consent for performing a laboratory analysis of anonymized
samples was waived.

2.2. Laboratory Methods. For each serum sample, the age and
sex of the individual, the type of clinical setting, and the num-
ber of days from sample collection to RT-PCR were available.
Serum employed for testing was either freshly collected or
stored for less than 3 months at -25°C. For antibody testing
using the chemiluminescence technique, antibodies were
tested with three chemiluminescence assays, four enzyme-
linked immunosorbent assays (ELISA), and one lateral flow
immunoassay, as detailed in Table 1. The manufacturers’
cut-off values as well as the imprecision of the assays are also
shown in Table 1: COI (cut-off index) for electrochemilumi-
nescence assay (ECLIA) and S/C (S/C=extinction of the
patient sample divided by the extinction of the calibrator)
for the other chemiluminescence (i.e., CMIA (chemilumines-
cent microparticle immunoassay) and LIA (luminescence
immunoassay)) and ELISA assays. All tests were performed
and analyzed according to the manufacturer’s instructions.
All assays were CE marked. Lab technicians reading the lat-
eral flow test format were not aware of the RT-PCR result
or the results of other antibody tests when manually reading
the lateral flow test cassettes.

2.3. Statistical Methods. Continuous variables are presented
as medians and interquartile ranges (IQRs), whereas propor-
tions are presented as percentages and 95% confidence inter-
vals (Cls). The positive rates of the different assays were
calculated as fractions of positive results of all investigated
samples from patients with positive RT-PCR results (i.e.,
sensitivity) at different weekly time periods after the first
clinical presentation for COVID-19. Statistically significant
differences in proportions were tested using the chi-square
test. Furthermore, operative test characteristics stratified
according to the time point of blood sampling and pretest
probabilities were assessed by calculating negative (NPV)
and positive (PPV) predictive values [11]. For this analy-
sis, the following specificity values, as evaluated in another
cohort investigated by some of the authors of this report
in a cohort of 1002 healthcare workers without COVID-
19 [12], were employed: 99.5% for the CMIA, 99.7% for
the LIA, 99.9% for the ECLIA, 99.2% for the EI IgG
ELISA, 99.2% for the EI IgA ELISA, 95.8% for the EDI
IgG ELISA, 96.7% for the EDI IgM ELISA, 99.5% for the
IgG LFIA, 95.6% for the IgM LFIA, and 95.2% for IgG
and/or IgM in the LFIA. For an illustration of predictive
values, heat maps were constructed to graphically display
predictive values stratified according to the time point of
blood sampling and pretest probability. Pretest probabili-
ties were considered very low (1%; e.g., asymptomatic per-
sons in very low prevalence regions), low (<10%; e.g.,
asymptomatic persons in low prevalence regions), moder-
ate (10-25%; e.g., symptomatic persons with a suspicion
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TaBLE 2: Positive samples among all investigated samples from patients with COVID-19 stratified according to time of serum sampling since

the first clinical presentation. Positivity rates are given in brackets.

0-6 days  7-13 days  14-20 days  21-27 days  28-34 days 35-41 days 42-48 days  49-55days  >55 days

LFIA 1eG 1434 14/31 14/18 15/19 14/18 16125 29/38 18/32 517
g @1%)  (45%) (78%) (79%) (78%) (64%) (76%) (56%) (71%)

LFLA ToM 1834 23/31 14/18 14/19 11/18 8/25 15/38 8/32 217
g (53%)  (74%) (78%) (74%) (61%) (32%) (39%) (13%) (29%)

1934 24/31 16/18 16/19 15/18 18/25 31/38 19/32 6/7
LEIATgGEM  5600)  (77%) (89%) (84%) (83%) (729%) (82%) (59%)  (86%)
MELSALG 1123 7/19 6/6 9/10 16/17 23/26 35/39 32/38 39/40
g 48%)  (37%) (100%) (90%) (94%) (88%) (90%) (84%) (98%)
L ELISA Tod 1125 12/19 6/8 9/10 14/15 21/26 32/38 29/38 13/16
g 48%)  (63%) (75%) (90%) (93%) (81%) (84%) (76%) (81%)
2435 24/32 20/20 28/28 27/30 28/35 36/47 26/37 14/24
EDIELISAISG g9y (75%)  (100%)  (100%) (90%) (80%) (77%) (70%)  (58%)
2135 1732 19/20 11/26 13/30 9/35 15/47 6/37 3/24
EDIELISATEM (6on)  (53%)  (95%) (42%) (43%) (31%) (32%) (16%)  (13%)
ECLIA L 2134 1826 19/19 20/21 28/29 32/34 44/45 37/39 49/53
g (62%)  (69%)  (100%) (95%) (97%) (94%) (98%) (95%) (92%)
CMIA 1eG 19531 17/28 18/18 21/22 27/28 31/32 40/43 33/36 12/13
g 61%)  (61%) (100%) (95%) (96%) (97%) (93%) (92%) (92%)
LA LG 1732 14/28 16/18 18/21 26/28 27/32 42/44 32/38 24/26
g (53%)  (50%) (89%) (86%) (93%) (84%) (95%) (84%) (92%)

of COVID-19), and high (>25%; e.g., symptomatic house-
hold contacts of patients with COVID-19) [10]. In addi-
tion to the predictive values for single tests, we also
evaluated orthogonal testing algorithms that sequentially
combined the test characteristics of two tests according
to the method proposed by the Food and Drug Adminis-
tration (FDA) and the Centers of Disease Control (CDC)
in the United States of America [13, 14]. Predictive values
were rounded to integers. P values < 0.05 were considered
statistically significant. Statistical computations were per-
formed with MedCalc version 18.11.3 (Mariakerke, Bel-
gium). Graphs were drawn with Microsoft Excel 2016
MSO (16.0.8431.2046) (Microsoft Inc., Seattle, USA) using
the linear interpolation function.

3. Results

3.1. Sensitivity. Two hundred sixty-eight samples from 180
patients were available. The median age at diagnosis was 56
years IQR [38, 72]. Not all samples were tested with all tests.
The number of tested samples and the number of positive
samples are presented in Table 2. The rates of positive sam-
ples over the different weeks are illustrated in Figure 1.
Figure 1(a) shows the positivity rates of the chemilumines-
cence assays, and all three investigated formats had the high-
est positivity rate during the 3™ week after the clinical
presentation. After this period, the positivity rates for all
three investigated assays decreased to approximately 92%
and remained stable. For the ELISAs, a peak was also
observed at week 3 for IgG and IgM, whereas the peak for
IgA occurred at week 5. IgG exhibited a different behavior,
according to the test manufacturer. Although the EI positiv-
ity rate remained constant after 9 weeks, the positivity rate of

EDI decreased by approximately 40%. The IgM positivity
rate decreased even further to approximately 15%. IgA also
showed a decrease in the positivity rate to approximately
80%. In the LFIA, IgM showed an earlier increase in positiv-
ity rates than IgG, with IgG and IgM positivity rates peaking
at a value of approximately 80% at week 3. Notably, the LFIA
displayed a significantly higher sensitivity than the LIA, the
EI IgG ELISA, and the EDI IgM ELISA (78 vs. 50%, P =
0.02; vs. 36%, P =0.004; vs. 53%; P =0.04) at week 2. The
positivity rate of IgM decreased to 30% after 9 weeks, whereas
the IgG positivity rate decreased to 70%. The LFIA test for-
mat reporting combined reaction of both IgG and IgM
showed a positivity rate of approximately 90% at week 3,
which decreased to somewhat lower values at week 9.

3.2. Predictive Values of Single Tests. Predictive values were
calculated as a function of pretest probabilities encountered
in the clinical routine (i.e., 1% to 40%) to determine the effect
of the different diagnostic characteristics at different time
points of blood sample collection on the operational test
characteristics [10]. Figure 2 illustrates the positive predictive
values (PPVs) at different time points, whereas negative
predictive values (NPVs) are presented in Figure 3.

The chemiluminescence assays displayed good predictive
characteristics in excluding COVID-19 with a negative test
result if the sample was collected at week 3 or thereafter. In
situations with a moderate to high pretest probability, none
of the chemiluminescence assays would be capable of exclud-
ing a COVID-19 infection during the first two weeks of a
suspected infection. A positive test result obtained using
CMIA and LIA for asymptomatic patients with a very low
and low pretest probability had a PPV of less than 95%,
regardless of the time point at which the blood sample was



BioMed Research International

Sensitivity (%)

1 2 3 4 5 6 7 8 0
Weeks after first clinical presentation

— ECLIATg
— CMIA IgG
LIA IgG

()

Sensitivity (%)

1 2 3 4 5 6 7 8 0
Weeks after first clinical presentation

— EIlgG EDI IgG
— EIIgA EDI IgM

(®)

Sensitivity (%)

Weeks after first clinical presentation

— LFIAIgG
—— LFIAIgM
LFIA IgG/IgM

(0

FIGURE 1: Positivity rates of 10 tests in 8 assays over a period of 9 weeks: (a) chemiluminescence assays, (b) ELISAs, and (c) LFIA.

collected. Positive results obtained using the ECLIA at vari-
ous sampling time points from patients with a low pretest
probability of at least 5% had a PPV > 95% for the prediction
of COVID-19.

Regarding the ELISAs, the operational test characteristics
of the assay from one manufacturer are better than the assay
from another manufacturer. The EDI IgG and IgM ELISAs,
however, generally showed low PPVs during the first two
weeks and thereafter in low pretest probability settings, inde-
pendent of the blood sampling time point. The ability of the
EI ELISAs to exclude COVID-19 during the first two weeks
with an NPV of 95% or greater is possible only in patients
with very low and low pretest probabilities. Thereafter, the
exclusion of COVID-19 with a negative test result was able
to be relatively safely conducted in samples from patients
with higher pretest probabilities. The EDI IgG ELISA
excluded COVID-19 with NPVs > 95% for patients with very
low, low, and moderate pretest probabilities, whereas the IgM
assay cannot be reliably used in this context. Regarding a pos-
itive diagnosis of COVID-19, neither EDI ELISAs appeared
to add valuable information in any situation when used as
single tests.

The LFIA IgG measurement appeared to possess the
potential for diagnosing COVID-19 in patients with moder-
ate and higher pretest probabilities, but not in patients with
very low and low pretest probabilities, when blood samples
were collected at least 3 weeks after symptom onset. Positive
LFIA IgM results did not display a useful PPV in predicting

COVID-19. The combined judgment of both IgG and IgM
LFIA tests was not useful in reliably predicting COVID-19.
The combined LFIA test possessed an NPV of >95% in
excluding COVID-19 in patients with very low and low
pretest probabilities (i.e., symptomatic and asymptomatic
patients), regardless of the time of sampling. At week 3 or
thereafter, the NPV also reached values of >95% for patients
with moderate pretest probabilities. Together, the LFIA
appeared to exclude COVID-19 in patients with low pretest
probabilities throughout the disease course with negative
combined IgG/IgM results. Furthermore, LFIA IgG tests also
excluded COVID-19 in patients with a moderate pretest
probability at week 3 after the first clinical presentation and
thereafter.

3.3. Orthogonal Testing Algorithms. In addition to the IgM
ELISA, all investigated tests provided relatively high NPVs
in excluding COVID-19 in patients with negative test results
and low to moderate pretest probabilities over the whole
9 weeks. With the exception of the ECLIA, the PPVs
were less than 95% for individuals with low pretest probabil-
ities over the whole 9 weeks. Chemiluminescence tests for
patients with a moderate pretest probability provided PPVs
>95%, whereas the PPVs for ELISAs and LFIA were lower.
We therefore determined the PPVs using an orthogonal test-
ing approach, where positive results were confirmed with
another independent test. The combination of two of the
lowest performing tests for positive results in an orthogonal
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CMIA
Pretest probability (%) 0-6 days 7-13 days 420 days 2127 days 28-34 days 35-41 days D-48days  4955days  >55days
T 55 55 67 6 3 66 6 65 65

5 87 87 91 91 91 91 91 91 91

10 93 93 96 96 9% 96 95 95 95

15 9% 9% 97 97 97 97 97 97 97

20 97 97 98 98 98 98 98 98 98

30 98 98 99 99 99 99 99 99 99

40 99 99 % () () 99 () % ()
ECLIA

Pretest probability (%) 0-6 days. 7-13 days 14-20 days 21-27 days 28-34 days 35-41 days 42-48days  49-55days  >55 days
T 86 87 91 91 91 90 91 91 90

5 97 97 9 98 98 98 98 98 98

10 99 99 99 99 99 99 99 99 99

15 99 99 99 99 99 99 99 99 99

20 99 99 100 100 100 100 100 100 100
30 100 100 100 100 100 100 100 100 100
40 100 100 100 100 100 100 100 100 100
LIA

Pretest probability (%) 0-6 days 7-13 days 1420 days 2127 days 28-34 days 35-41 days 2-48days  4955days  >55 days
T 61 6 75 74 76 74 76 74 76

5 90 90 94 94 94 94 94 94 94

10 95 95 97 97 97 97 97 97 97

15 97 97 98 98 98 98 98 98 98

20 98 98 99 99 99 99 99 99 99

30 99 99 99 99 99 99 99 99 99

40 9 99 9 9 100 99 100 9 100

El1gG ELISA

Pretest probability (%) 06 days 7-13 days Ta20days 2127 days 2834 days 3541 days 2-8days 4955 days 555 days
T 38 2 56 53 54 53 53 52 55

5 76 71 87 86 86 85 86 85 87

10 87 84 93 93 93 92 93 92 93

15 91 89 96 95 95 95 95 95 96

20 94 92 97 97 97 97 97 96 97

30 96 95 9 98 98 98 98 9 98

40 98 97 9 %9 9 9 9 9 9
EIIgA ELISA

Pretest probability (%) 06 days 713 days Ta20days 2127 days 7834 days 3541 days T8days  4955days 555 days
T 38 [ [ 53 51 51 5 [ 51

5 76 81 83 86 86 84 85 83 84

10 87 90 91 93 93 92 92 91 92

15 91 93 9 95 95 95 95 94 95

20 94 95 96 97 97 9% %6 96 9%

30 % 97 98 98 98 98 98 98 98

40 98 98 9 9 9 99 9 9 99

EDI IgG ELISA

Pretest probability (%) 06 days 713 days T4-20 days 2127 days 2834 days 35-41 days -8days  4955days  >55days
T iz} 15 g i) 18 16 16 Iz} 5]

5 46 48 56 56 53 50 49 47 42

10 64 66 73 73 70 68 67 65 61

15 74 76 81 81 79 77 76 75 71

20 80 82 86 86 84 83 82 81 78

30 88 88 91 91 90 89 89 88 86
40 92 92 94 94 9 93 92 92 %0
EDI IgM ELISA

Pretest probability (%) 0-6 days 7-13 days, 420 days 2127 days 28-34 days 35-41 days 48 days  49-55days  >55 days
1 16 14 23 11 12 9 9 5 4

5 49 46 60 40 41 33 34 21 17

10 67 64 76 59 59 51 52 35 30

15 76 74 84 69 70 63 63 46 40

20 82 80 88 76 77 70 71 55 49

30 89 87 93 85 85 80 81 68 62

40 92 91 95 90 90 86 87 77 72
LFIAIgG

Pretest probability (%) 0-6 days. 7-13 days 14-20 days 21-27 days 28-34 days 35-41 days 42-48days  49-55days  >55 days
T 5 ) 61 61 61 56 61 53 59

5 81 83 89 89 89 87 89 86 88

10 90 91 95 95 95 93 94 93 94

15 94 94 96 97 9% 9% 96 95 %

20 95 96 97 98 97 97 97 97 97

30 97 97 99 99 99 98 98 98 98

40 98 98 9 99 9 9 9 9 99
LFIA IgM

Pretest probability (%) 0-6 days 7-13 days 420 days 2127 days 28-34 days 35-41 days D-48days  49-55days  >55days
1 11 15 15 14 12 7 8 3 6

5 39 47 48 47 2 28 32 13 25

10 57 65 66 65 61 45 50 24 42

15 68 75 76 75 71 56 61 33 53

20 75 81 82 81 78 65 6 2 62

30 84 88 88 88 86 76 79 55 74

40 89 92 92 92 90 83 86 65 81
LFIATg

Pretest probability (%) 0-6 days. 7-13 days 14-20 days 21-27 days 28-34 days 35-41 days 42-48days  49-55days  >55days
T 1T 4 16 15 15 B 15 1T 15

5 38 46 49 48 48 44 47 39 48

10 56 64 67 66 66 63 65 58 66

15 67 74 77 76 75 73 75 69 76

20 74 80 82 81 81 79 81 76 82

30 83 87 89 88 88 87 88 84 88

40 89 91 9 92 92 91 92 89 92

FIGURE 2: Heat maps of positive predictive values (PPVs) of different tests used to predict COVID-19 stratified according to the pretest
probabilities and sampling time after the first clinical presentation. The predictive values were colored as follows: 99 and 100% dark blue,
95% to 98% lighter blue, 90% to 94% white, 80% to 89% light yellow, 70% to 79% medium yellow, 60% to 69% dark yellow, 50% to 59%
light red, 30% to 49% middle red, and less than 30% dark red.
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CMIA

Pretest probability (%) 0-6 days 7-13 days 14-20 days ~ 21-27days  28-34days  35-41 days 42-48 days 49-55 days >55 days
I 100 100 100 100 100 100 100 100 100

5 98 98 100 100 100 100 100 100 100
10 96 96 100 100 100 100 99 99 99

15 94 93 100 99 99 99 99 99 99

20 91 91 100 99 99 99 98 98 98

30 86 86 100 98 98 99 97 97 97

40 79 79 100 97 98 98 96 95 95
ECLIA

Pretest probability (%) 0-6 days 7-13 days 14-20 days  21-27days 28-34days  35-41 days 42-48 days 49-55 days >55 days
I 100 100 100 100 100 100 100 100 100

5 98 98 100 100 100 100 100 100 100
10 96 97 100 99 100 99 100 99 99

15 94 95 100 99 99 99 100 99 99

20 91 93 100 99 99 99 99 99 98

30 86 88 100 98 99 98 99 98 97

40 80 83 100 97 98 96 99 97 95
LIA

Pretest probability (%) 0-6 days -13 days 14-20 days  21-27days 28-34days  35-41 days 42-48 days 49-55days >55 days
T 100 99 100 100 100 100 100 100 100

5 98 97 99 99 100 99 100 99 100
10 95 95 99 98 99 98 100 98 99

15 92 92 98 98 99 97 99 97 99

20 89 89 97 97 98 96 99 96 98

30 83 82 95 94 97 94 98 94 97

40 76 75 93 91 95 91 97 90 95

El IgG ELISA

Pretest probability (%) 0-6 days 7-13 days 14-20 days  21-27days 28-34days  35-41 days 42-48 days 49-55days >55 days
I 99 99 100 100 100 100 100 100 100

5 97 97 100 99 100 99 99 99 100
10 94 93 100 99 99 99 99 98 100
15 92 90 100 98 99 98 98 97 100
20 88 86 100 98 99 97 97 96 99

30 82 79 100 96 98 95 96 94 99

40 74 70 100 94 96 93 94 90 98

EI IgA ELISA

Pretest probability (%) 0-6 days 7-13 days 14-20 days  21-27days 28-34days  35-41 days 42-48 days 49-55 days >55 days
I 99 100 100 100 100 100 100 100 100

5 97 98 99 99 100 99 99 99 99

10 94 96 97 99 99 98 98 97 98

15 92 94 96 98 99 97 97 96 97
20 88 92 94 98 98 95 96 94 95
30 82 86 90 96 97 92 94 91 93

40 74 80 86 94 96 89 90 86 89

FiGure 3: Heat maps of negative predictive values (NPVs) of different tests used to predict COVID-19 stratified according to the pretest
probabilities and sampling time after the first clinical presentation. The predictive values were colored as follows: 99 and 100% dark blue,
95% to 98% lighter blue, 90% to 94% white, 80% to 89% light yellow, 70% to 79% medium yellow, and 60% to 69% dark yellow.

testing algorithm, i.e., the LFIA IgG/IgM test followed by the
EDI IgG ELISA test, for patients with a moderate pretest
probability consistently provided PPVs of >95%, as shown
in Figure 4. A combination of two chemiluminescence tests
(i.e., CMIA followed by LIA) provided PPVs of 100% for
patients with all pretest probabilities (Figure 4). Other test
combinations (i.e., ECLIA/EDI IgG, ECLIA/LIA, ECLIA/C-
MIA, ECLIA/EI IgG, CMIA/EDI IgG, CMIA/EI IgG,
LIA/EDI IgG, and LIA/EI IgG) provided comparable PPVs
(=99%) to the CMIA/LIA combination throughout the whole
9-week period for patients with all pretest probabilities (data

not shown). NPVs of a CMIA/LIA combination were lower
than those of the CMIA or the LIA alone, as shown in
Figure 5. Other combinations of negative test results exhib-
ited similar performance and are not shown.

4. Discussion

A recent Cochrane review stated that data available for diag-
nostic characteristics of SARS-CoV-2 antibody assays for
more than 35 days after symptom onset are insufficient [3].
The present study provides data for a variety of tests beyond
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EDI IgG ELISA
Pretest probability (%) 0-6 days 7-13 days 14-20days  21-27days  28-34days  35-4Idays  42-48 days 49-55days >55 days
T 100 100 100 100 100 100 100 100 100

5 98 99 100 100 99 99 99 98 98

10 96 97 100 100 99 98 97 97 95

15 95 96 100 100 98 96 96 95 93

20 92 94 100 100 97 95 94 93 90

30 88 90 100 100 96 92 91 88 84

40 82 85 100 100 93 88 86 83 78
EDI IgM ELISA
Pretest probability (%) 0-6 days -13 days 14-20 days ~ 21-27days 28-34days  35-41days  42-48 days 49-55days >55 days
I 100 100 100 99 99 99 99 99 99

5 98 98 100 97 97 96 96 96 95

10 96 95 99 94 94 93 93 91 91

15 93 92 99 90 91 89 89 87 86

20 91 89 99 87 87 85 85 82 82

30 85 83 98 80 80 77 77 73 72

40 78 76 97 72 72 68 68 63 62
LFIA IgG
Pretest probability (%) 0-6 days 7-13 days 14-20days  21-27days 28-34days  35-41days  42-48 days 49-55days >55 days
I 99 99 100 100 100 100 100 100 100

5 97 97 99 99 99 98 99 98 99

10 94 94 98 98 98 96 97 95 97

15 91 91 96 96 96 94 96 93 95

20 87 88 95 95 95 92 94 90 93

30 80 81 91 92 91 87 91 84 89

40 72 73 87 88 87 81 86 77 84
LFIA IgM

Pretest probability (%) 0-6 days 7-13 days 14-20days  21-27days 28-34days  35-4Idays  42-48 days 49-55days >55 days
1 100 100 100 100 100 99 99 99 99

5 97 99 99 99 98 96 97 95 96

10 95 97 97 97 96 93 93 91 92

15 92 95 96 95 93 89 90 86 88

20 89 94 95 94 91 85 86 81 84

30 83 90 91 89 85 77 79 72 76

40 75 85 87 85 79 68 70 62 67
LFIAIg

Pretest probability (%) 0-6 days 7-13 days 14-20days  21-27days 28-34days  35-41days  42-48 days 49-55days >55 days
I 100 100 100 100 100 100 100 100 100

5 98 99 99 99 99 98 99 98 99

10 95 97 99 98 98 97 98 95 98

15 92 96 98 97 97 95 97 93 97

20 90 94 97 96 96 93 95 90 96

30 83 91 95 93 93 89 92 85 94

40 76 86 93 90 90 84 89 78 91

FIGURE 4: PPVs obtained for the combinations of two assays performed according to the orthogonal testing algorithm recommended by the
FDA and CDC. The predictive values were colored as follows: 99 and 100% dark blue, 95% to 98% lighter blue, 90% to 94% white, 80% to 89%
light yellow, 70% to 79% medium yellow, and 60% to 69% dark yellow.

9 weeks (63 days). We confirm that the investigated tests
have insufficient test characteristics, particularly for positive
results, two weeks after the first clinical presentation, with
one exception. The combination of tests in an orthogonal
testing algorithm, even tests with suboptimal test characteris-
tics, for positive results provided PPVs > 95% for individuals
with moderate and high pretest probabilities early in the
course of the infection. Furthermore, positivity rates
appeared to be stable for chemiluminescence assays testing
for total Ig and IgG, whereas the positivity rates of IgM tests
decreased over time.

Fenwick and colleagues and others observed sensitivities
than the present study in the ECLIA (95.6%), LIA (88.9%),
EI IgG (88.9%), and EDI IgG (76.7%), which corroborates
our findings derived in smaller cohorts stratified according
to time after the first clinical presentation of COVID-19
[15-18]. The sensitivity of the CMIA described by Tang
et al. (93.8%) is comparable to the sensitivity values observed
in our study [18]. The sensitivity of the LFIA was also compa-
rable to the values reported for other LFIA test formats (75%
in the second week and 90% thereafter) [19]. Some test for-
mats analyzed in our study had stable sensitivities over a
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LFIA Ig and EDI IgG

Pretest probability (%) 0-6 days 7-13 days 14-20days  2I-27 days  28-34 days 35-41 days 42-48 days 49-55 days >55 days
1 65 74 81 80 78 73 75 67 71

5 91 94 96 95 95 94 94 91 93

10 95 97 98 98 98 97 97 96 96

15 97 98 99 99 98 98 98 97 98

20 98 99 99 99 99 99 99 98 98

30 99 99 99 99 99 99 99 99 99

40 99 100 100 100 100 100 100 99 99
CMIA Ig and LIA IgG

Pretest probability (%) 0-6 days -13days  14-20days 2I-27days  28-34 days 35-4T days 42-48 days 49-55 days >55 days
T 100 100 100 100 100 100 100 100 100

5 100 100 100 100 100 100 100 100 100
10 100 100 100 100 100 100 100 100 100
15 100 100 100 100 100 100 100 100 100
20 100 100 100 100 100 100 100 100 100
30 100 100 100 100 100 100 100 100 100
40 100 100 100 100 100 100 100 100 100

FIGURE 5: NPVs obtained for the combination of the CMIA and LIA for samples with an initial negative test result using an orthogonal test
algorithm. NPVs of the test combination are lower than either single test. The predictive values were colored as follows: 90% to 94% white,
80% to 89% light yellow, 70% to 79% medium yellow, 60% to 69% dark yellow, 50% to 59% light red, 30% to 49% middle red, and less than

30% dark red.

duration of 9 weeks after the first clinical presentation. Other
test formats, particularly tests measuring IgM and IgA, as
well as an ELISA measuring IgG directed against the nucleo-
capsid antigen, showed decreasing positivity rates over time.
We consider the use of test formats with decreasing sensitiv-
ities over time problematic, as long as they do not employ
modified cut-oft values, which should be further investigated
in larger cohorts.

In clinical diagnostics, the operational characteristics
rather than the diagnostic characteristics are of interest. In
our opinion, the use of heat maps to illustrate diagnostic
strengths and weaknesses in certain situations according to
the time since the first clinical presentation and pretest prob-
ability is useful, particularly when only one test is employed.
To the best of our knowledge, heat maps have not yet been
introduced as a tool to interpret serological assays of infec-
tious diseases [4]. Unfortunately, at the moment, there is no
clinical score currently available to assess pretest probability,
which relies on a history of clinical symptoms alone and
could also be utilized retrospectively (e.g., because no labora-
tory results are available at the time when a patient was
symptomatic) [20]. However, other rough estimates also
allow for assessment of pretest probability and clinical use
of the heat maps according to the individual situation of a
patient: symptomatic patients have a pretest probability of
10% and higher, asymptomatic patients usually have a pretest
probability of less than 10%, and close contacts of patients
with confirmed COVID-19 cases have a pretest probability
of 15-30% [10]. Seroprevalence data of a region can also help
to assess the pretest probability even in the absence of clinical
symptoms.

Positive predictive values differed among the different
test formats. Based on the results of our study, chemilumi-
nescence formats have somewhat better operative character-
istics than at least some of the investigated ELISA and LFIA
test formats. Furthermore, the SARS-CoV-2 IgM test should

be used with caution to assess an immune response to
COVID-19 that has already been apparent for longer than
21 days. This result is consistent with the findings of Coste
et al., who, because of the simultaneous occurrence with
IgG, judged IgM to be of no value in diagnosing acute or sub-
acute SARS-CoV-2 infections [21]. Our study clearly illus-
trates that an orthogonal testing approach adds valuable
diagnostic information. The combination of two of the lowest
performing assays according to the approach recommended
by FDA and CDC for moderate pretest probabilities provided
PPVs >95% throughout the 9 weeks after the first clinical
presentation. These characteristics further improved and
were extended to low prevalence settings when the chemilu-
minescence and EI IgG assays were combined. Our study
confirms that an orthogonal testing approach for initially
positive samples adds diagnostic value.

After two weeks, negative predictive values of tests inves-
tigating IgG or total Ig were >95% in patients with very low,
low, and moderate probabilities. Chemiluminescence assays
displayed a somewhat higher predictivity than ELISAs and
LFIA. Importantly, the LFIA reading for both IgM and IgG
bands showed greater predictive value than reading either
of the two bands alone. However, in contrast to the practice
of confirming positive test results with an alternative test,
the application of an orthogonal testing approach is not
useful in a sample with an initially negative test result. NPV's
were worse than the initial index test.

Our study has several strengths and limitations. One
strength is that we were able to study positivity rates over 9
weeks. Another strength is that we studied 8 different assays
employing the commonly used measurement principles, i.e.,
chemiluminescence, ELISA, and lateral flow immunoassay.
A limitation is that the day of onset of clinical symptoms
was not available. Instead, we recorded the first date of
clinical presentation for COVID-19. In Liechtenstein and
Switzerland, all symptomatic patients are tested for
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COVID-19 using PCR. Due to the high accessibility of testing
in COVID-19 testing centers, patients presented to these cen-
ters very rapidly after the onset of symptoms. Additionally,
our data, particularly the results obtained within the first 35
days, are similar with the findings described elsewhere using
the onset of symptoms as the reference time point[3, 18, 22].
Some studies have also presented data using PCR testing as a
reference time point [18, 22]. We therefore propose that our
approach of using the first clinical presentation for COVID-
19 testing in the investigated setting is a good proxy for the
onset of symptoms. When analyzing the different time strata,
the sample size of the included samples was not large, and not
all sera were tested with all tests, which might result in rela-
tively imprecise point estimates of sensitivity. The sample
sizes are comparable to the values reported in other stud-
ies, and the sensitivities identified in our setting are com-
parable to the values reported in larger other studies,
suggesting that relatively small sample sizes do not invali-
date our findings [3, 15, 17, 18, 21, 22]. Finally, even if we
did not have a detailed clinical description of the patients,
we know that the samples of our patients originated from
outpatient settings. Thus, it can be assumed that the
included confirmed symptomatic patients were with mild
to moderate COVID-19 severity. Our findings might not
apply to individuals with severe cases and an asymptom-
atic disease course [15, 23], which requires confirmation
in further investigations. Our findings, however, provide
valuable insights into interpreting past symptoms in
patients who were not assessed using RT-PCR testing or
who had a negative RT-PCR test, despite the presence of
suggestive symptoms, at least within two months of clini-
cal presentation.

In conclusion, we identified sensitivities for 8 different
SARS-CoV-2 antibody tests in symptomatic patients over a
period of 63 days. The investigated chemiluminescence assays
did not exhibit a decrease in positivity rates over the investi-
gated period. This finding was not observed for other test
formats, e.g., IgM tested using ELISA or LFIA. Not all com-
mercially available and CE-marked assays exhibit satisfactory
predictive values for diagnosing or excluding COVID-19. In
particular, predictive values were lower during the first two
weeks after the first clinical presentation. An orthogonal test
algorithm confirming positive, but not negative, results from
a single test with an independent assay provided satisfactory
positive predictive values, even for tests with less accurate per-
formance. Orthogonal testing approaches for positive results
should therefore be reinforced.
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