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Objectives: Serological studies have been critical in tracking the evolution of the COVID-19 pandemic.
Data on anti-SARS-CoV-2 antibodies persistence remain sparse, especially from infected individuals
with few to no symptoms. The objective of the study was to quantify the sensitivity for detecting
historic SARS-CoV-2 infections as a function of time since infection for three commercially available
SARS-CoV-2 immunoassays and to explore the implications of decaying immunoassay sensitivity in
estimating seroprevalence.
Methods: We followed a cohort of mostly mild/asymptomatic SARS-CoV-2-infected individuals
(n ¼ 354) at least 8 months after their presumed infection date and tested their serum for anti-SARS-
CoV-2 antibodies with three commercially available assays: Roche-N, Roche-RBD and EuroImmun-S1.
We developed a latent class statistical model to infer the specificity and time-varying sensitivity of
each assay and show through simulations how inappropriately accounting for test performance can
lead to biased serosurvey estimates.
Results: Antibodies were detected at follow-up in 74e100% of participants, depending on immuno-
assays. Both Roche assays maintain high sensitivity, with the EuroImmun assay missing 40% of in-
fections after 9 months. Simulations reveal that without appropriate adjustment for time-varying
assay sensitivity, seroprevalence surveys may underestimate infection rates.
Discussion: Antibodies persist for at least 8 months after infection in a cohort of mildly infected in-
dividuals with detection depending on assay choice. Appropriate assay performance adjustment is
orth Wolfe Street, Baltimore,
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important for the interpretation of serological studies in the case of diminishing sensitivity after infec-
tion. Javier Perez-Saez, Clin Microbiol Infect 2021;27:1695.e7e1695.e12
© 2021 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and
Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

Serosurveys have played an important role during the COVID-19
pandemic by helping track the true extent of transmission in
different populations [1e4] and estimating key epidemiological in-
dicators such as the infection fatality ratio [5e7]. Serological studies
have employed dozens of different immunoassays designed to detect
antibodies targeting primarily all or part of the spike (S) or nucleo-
capsid (N) proteins of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) [8]. The accuracy of serology-based estimates de-
pends on the immunoassay antibody targets and their performance
in detecting both recent and historic infections. Successive epidemic
waves in different parts of the world have created a heterogeneous
immune landscape, which poses challenges for SARS-CoV-2
serosurveillance.

Anti-SARS-CoV-2 antibody levels tend to decay after the conva-
lescent period, leading to increasing chances of a negative immuno-
assay result [9,10]. False negatives can lead to underestimates of the
true infection attack rate unless appropriately understood and
accounted for in analyses [12]. Furthermore, post-infection antibody
kinetics appear to depend on infection severity, with severe infections
leading to larger increases in antibodies than inmild or asymptomatic
infections [11]. However, few studies have characterized antibody
kinetics past 6 months after infection [13,14], or described these ki-
netics in mild and asymptomatic infections [15e17], which comprise
the vast majority of infections in the community [18], thus limiting
the public health use of antibody testing for SARS-CoV-2 [19].

Here we aim at quantifying changes in anti-SARS-CoV-2 antibody
levels across the spectrum of severity and age using three commer-
cially available immunoassays. We do this through a longitudinal
study up to 9 months from plausible infection dates of a cohort of
seropositive individuals recruited through serosurveys in Geneva,
Switzerland.
Materials and methods

Recruitment

Participants of the SEROCoV-POP [2] and SEROCoV-WORKþ [20]
serosurveys (please see supplementary material) who were sero-
positive on the Euroimmun anti-S1 test (referred to as EI, OD ratio
�1.1, EI-positive cohort) at their first study visit (referred to as base-
line, between April and July 2020) were invited to return for another
serological test in November 2020 (referred to as follow-up). To es-
timate the infection risk in the community over the period between
the two visits, we also randomly selected participants initially Euro-
immun anti-S1 negative (EI-negative) with a similar sex ratio and age
range who returned for a second visit. All participants gave written
informed consent, completed a questionnaire and provided a venous
blood sample. This study was approved by the Geneva Cantonal
Commission for Research Ethics (CCER project number 2020-00881).
Immunoassays

SARS-CoV-2 antibodies were measured using three commercially
available tests: a semiquantitative anti-S1 ELISA detecting IgG
(Euroimmun, Lübeck, Germany #EI 2606-9601 G), and the quantita-
tive Elecsys anti-RBD (#09 289 275 190, Roche-RBD) and semi-
quantitative Elecsys anti-N (#09 203 079 190, Roche-N), both
measuring total antibodies (IgG/A/M, Roche Diagnostics, Rotkreuz,
Switzerland). Seropositivitywas defined using the cut-off provided by
themanufacturers:�1.1 for Euroimmun anti-S1 ELISA;�0.8 U/mL for
Roche anti-RBD; and �1.0 for Roche anti-N. The Euroimmun immu-
noassay on samples from the baseline and follow-up visits was per-
formed as samples came into the laboratory, using several different
reagent lots. All Roche tests (anti-RBD and anti-N) on baseline and
follow-up sampleswere performed using the same reagent lot in each
case. Samples from the baseline visit were frozen after their first
analysis and thawed several months later for retestingwith the Roche
immunoassays (please see supplementary material).
Statistical analyses

Wedetermined the proportion of participantswho seroconverted
(negative to positive) or seroreverted (positive to negative), and
tested the significance in proportions between sex and age class
using a two-sample Wilson score interval test for equality of pro-
portions with continuity correction [21]. We also compared test
readout values at each visit and classified each participant's response
as decreasing, increasing or stable for Roche-RBD test's quantitative
readouts (Table S1). We assessed significance of changes taking into
account the intra-lot variance of our internal positive control serum
(Fig. S5). Significance of response changes was based on the z-score
of the difference between follow-up and baseline results at a sig-
nificance level of 5%.

We developed a statistical model to jointly infer each test's
specificity and sensitivity accounting both for changes in sensitivity
with time post-infection due to antibody decay as well as possible
unknown SARS-CoV-2 infection times including the possibility of
infection between visits (Fig. S8). We assumed that each test result
is independent of the other test results conditional on its true status
as positive or negative. Inference is drawn in a Bayesian framework
incorporating multiple sources of test validation data and RT-PCR
test results, when available (please see supplementary material).

We then used simulations to illustrate how seroprevalence es-
timates could be biased if only correcting for sensitivity and spec-
ificity using the Gland-Rogen estimator [22] with data from typical
validation studies in the literature and package inserts (single time-
invariant sensitivity, short follow-up times and more representa-
tive of severe infections). We considered three hypothetical sce-
narios of serosurveys using Geneva's epidemic curves: the first one
occurring one month after the first wave peak, the second one as if
it had occurred five months after a single wave, and the third
one month after the peak of the second wave (Fig. 1A). We then
used the associated distributions of time after infection to simulate
test results based on our estimates of specificity and time-varying
test sensitivity. We finally estimated seroprevalence correcting for
test performance but using the conventional approachwith a single
value for sensitivity [23]. For each scenario we simulated 2000
samples with 10e90% seroprevalence and compared these simu-
lated data to the seroprevalence estimates that ignore changes in
sensitivity (please see supplementary material).
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Fig. 1. Study recruitment with respect to the SARS-CoV-2 epidemic curve in Geneva, Switzerland. (A) Weekly reported number of virologically-confirmed SARS-CoV-2 infections in
the canton of Geneva (blue bars) and study timing for both the baseline (light grey) and follow-up (dark grey) visits. (B) Histogram of days between study visits for the EI-positive
cohort (N ¼ 354).
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Results

Cohort characteristics

A total of 354 participants from previous serosurveys having
a positive Euroimmun anti-S1 IgG test result at baseline
constituted the EI-positive cohort (Fig. 1A, Fig. S1). Participants
Table 1
Characteristics of baseline Euroimmun anti-S1 IgG (EI) positive and negative cohorts

Characteristic EI-positive
cohort, n ¼ 354

EI-negative
cohort, n ¼ 187

Sex
Female 183 (52) 93 (50)
Male 171 (48) 94 (50)

Age group
18e65 313 (88) 183 (98)
65þ 41 (12) 4 (2.1)

RT-PCR test before baseline visit
No test 206 (58) 169 (90)
Positive 58 (16) 3 (1.6)
Negative 90 (25) 15 (8.0)

Hospitalization before baseline visit
Did not require hospitalization 336 (94.9) 187 (100)
Required hospitalization 18 (5.1) 0 (0)
Required ICUa 2 (0.6) 0 (0)

Number of COVID-19-compatible
symptoms reported before
baseline visitb

0 37 (10) 71 (38)
1 16 (4.5) 23 (12)
2 28 (7.9) 29 (16)
3 31 (8.8) 16 (8.6)
�4 242 (68) 47 (25)

Symptoms onset before baseline visitc

�1 month before baseline visit 19 (6.0) 12 (9)
>1 month before baseline visit 298 (94) 103 (90)

RT-PCR/Rapid antigen test between visits
No test 283 (80) 126 (67)
Positive 4 (1.1) 15 (8.0)
Negative 67 (19) 46 (25)

Data are presented as n (%).
a ICU: intensive care unit. Five positive cohort participants with no responses to

the ICU question.
b Symptoms (self-reported): fever, cough, cold, throat pain, panting, headache,

muscular and/or articular pain, fatigue, loss of appetite, nausea, diarrhoea, stomach
pain, loss of taste and/or smell, other. One participant from the negative cohort did
not reply to this question.

c Percentages computed over the number of participants presenting at least 1
COVID-19 compatible symptom (EI-positive cohort n ¼ 317, EI-negative cohort n ¼
115).
in this cohort were 18e84 years old, and 52% (183/354) were
women (Table 1). Less than half reported having had an RT-PCR
test prior to the baseline visit (148, 42%), 58 of whom reported a
positive result (90 negative, positivity rate of 39%). Ten per cent
(37/354) of participants reported having had no COVID-19-
compatible symptoms before the baseline visit, while 69% re-
ported four symptoms or more (Fig. S2). The majority of these
participants did not require hospitalization (336/354, 95%). RT-
PCR testing before the baseline visit did not necessarily imply
having self-reported symptoms and vice versa. The median
period between baseline and follow-up visits was 165 days
(range 115e224 days) (Fig. 1B). Twenty per cent (71/354) of
participants reported having a SARS-CoV-2 virologic (RT-PCR or
rapid antigen) test between visits including four (6%) positive
results. No participant reported being hospitalized between
their baseline and follow-up visits.

We also followed a cohort of 187 participants who had a nega-
tive EI test at baseline (EI-negative cohort) selected from previous
participants to have a similar sex ratio and age range as the EI-
positive cohort (Table 1).

Antibody detection and decay with three immunoassays

Within the EI-positive cohort, 93.2% (330/354) and 95.2% (337/
354) were positive at baseline for the Roche-N and Roche-RBD
assays, respectively (Fig. 2 and Fig. S3). At the individual level,
26% (91/354) of the EI-positive cohort was seronegative with the
EI test at follow-up (i.e. seroreverted, Table 2). Seroreversions
were less frequent with the Roche-N assay (1.2%, 6/330) and none
were detected with the Roche-RBD assay. We identified no sig-
nificant differences in seroreversions across age groups and sex
(Table S1).

We quantified the change in test readout between visits for the
Roche-RBD immunoassay, as the other two tests are considered
qualitative or semiquantitative by the manufacturers. We found
that 17% (61/354) of participants had a significant decrease in their
test readout and 66% (235/354) had a significant increase. When
subdivided by sex and age class, women had a significantly lower
proportion of decaying as well as a higher proportion of increasing
Roche-RBD responses, and no differences were found between age
classes (Table S1).

In the EI-negative cohort, 11% of the participants were classified
as seropositive at baseline with Roche-N (21/187) and 12% with
Roche-RBD (23/187, Fig. S3). A total of 25 out of 166 (15%) Roche-N
negatives, and 29/164 (17.5%) Roche-RBD negatives seroconverted



Fig. 2. Test readout trajectories between baseline and follow-up visits. The cohort was composed of 354 participants with positive Euroimmun anti-S1 (EI) test at baseline. Test
readout units and thresholds for positivity are assay-specific, Roche-RBD values below the limit of quantitation (0.4 U/mL) were set to the limit of quantitation for plotting and
analysis. The dynamic range of both the EI and Roche-N tests are limited compared to the Roche-RBD thus leading to censoring of extremely high and low values. Baseline and
follow-up samples were tested with different reagent lots of the EI immunoassay whereas the same Roche-N and Roche-RBD reagent lots were used for all samples (supplementary
material). Trajectories for the EI-negative cohort are given in Fig. S4.
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at follow-up (Table 2). We identified no significant differences by
age or sex in seroconversion rates (Table S1).

Estimation of time-varying test sensitivity and impact on
serosurveillance

The trajectories of antibody detection in both cohorts, combined
with data from assay validation studies (Table S2, Fig. S9) enabled us
to produce model-based estimates of test specificity and changes in
clinical sensitivity with time after infection.

We estimated large differences in test sensitivity, which
depended on the delay between infection and serologic assess-
ment (Fig. 3A). EI sensitivity decreased gradually reaching 61.2%
(95% CI 53.4e68.5) at 284 days after infection, the longest time
modelled. The decrease in sensitivity for Roche-N was smaller
(mean at 284 days of 93.3%; 95% CI 88.7e96.7). Sensitivity esti-
mates for Roche-RBD remained close to the peak value up to the
maximal modelled time. As baseline and follow-up samples were
tested with different EI test reagent lots, we also estimated per-
formance where we restricted to 127 samples with baseline and
follow-up reagent lots with similar test readout values for our
internal positive control serum and found similar results for
sensitivity and proportion of seroreversions, though with larger
uncertainty (Fig. 3A, Fig. S7 and supplementary material).

When serosurveys were simulated after a single epidemic
wave (times after infection 0e115 days, Fig. 3B), seroprevalence
estimates for all three tests using conventional adjustment for
sensitivity have 95% CI covering the true values of simulated
seroprevalence between 10 and 30%, after which estimates had a
slight tendency towards overestimation. Instead, when simu-
lating serosurveys longer after a single wave (180e250 days after
infection), as the true underlying seroprevalence increased, es-
timates based on the EI assay grew increasingly biased, with an
under-estimation of up to 15% when the simulated seropreva-
lence was 90% (Fig. 3C). In contrast, estimates based on the two
Roche assays tended to overestimate seroprevalence by 5% in this
scenario. Finally, the results obtained for the two epidemic waves
scenario stood in between, with a less severe seroprevalence
underestimation for EI test (10% underestimation at 90% sero-
prevalence). The two Roche tests remained in closer agreement
with the true seroprevalence throughout the simulated range
with the 95% CrI covering the true value at seroprevalence below
30%, and slightly overestimating it by around 3% for higher
seroprevalence (>60%).

Discussion

In a cohort of mostly mild/asymptomatic SARS-CoV-2-infected
individuals, antibodies targeting either the nucleocapsid (N) or
the spike (S) proteins of the virus generally persisted for at least
8 months after infection. The initial measurements taken within
4.5 months of participants' infections were consistent across all
three assays. However, results diverged between assays upon re-
evaluation 4e8 months later, with one-in-four participants
seroreverting according to the EI IgG assay, with few to no
seroreversions with the Roche anti-N and anti-RBD total Ig tests.
We find that without appropriate quantification and adjustment
for time-varying assay sensitivity, seroprevalence surveys may
underestimate the true number of cumulative infections.

Seroprevalence underestimation due to decaying sensitivity [4]
will depend on the timing of serosurveillance with respect to the
number and amplitude of preceding epidemic waves. Larger and
more distal waves being more severely underestimated due to the
increasing relative frequency of false negatives compared with false
positives. Even for mild infections, which may elicit less robust im-
mune responses [25], the sensitivity of both Roche tests remained
close to 100% after more than 8 months after infection. These results
suggest that these Roche immunoassays are suitable for seropreva-
lence estimation at longer times post-exposure.

While previous studies suggest that anti-RBD antibody mea-
surement correlates with neutralizing antibody titres at least up
to 4e6 months after exposure [11,26], it remains unclear whether
the persistence of antibodies we report here is a proxy of
continued immune protection. We also highlight the increase of
anti-RBD total Ig measured by the Roche-RBD assay, observed in
other studies as well, however correlating poorly with



Fig. 3. Model test performance estimates and simulation. (A) Model estimates of sensitivity changes with time post infection. Due to EI reagent inter-lot variability (please see
supplementary material) results are shown for the whole sample (N ¼ 354), as well as for a subsample for which assay internal positive quality control (IQC) readout values were
similar for baseline and follow-up reagent lots (N ¼ 127, matched low IQC lot). (BeD) Simulation scenarios of seroprevalence estimation if the decay in sensitivity is not accounted
for. Scenario in (B) is assumed to occur one month after the first epidemic wave peak in Geneva, with corresponding distribution of days between infection and the serosurvey;
scenario in (C) the serosurvey occurs after a single wave and 180 days after the epidemic peak; and scenario in (D) assumes the serosurvey occurred one month after the peak of the
second epidemic wave, yielding a bimodal distribution of days post infection (insets, vertical dashed line at x ¼ 0 indicates infections that occurred on the serosurvey date).

Table 2
Serostatus and test readout changes between visits

Serostatus change EI-positive cohort (n ¼ 354) EI-negative cohort (n ¼ 187)a

EI Roche-N Roche-RBD Roche-N Roche-RBD

Reversion 91/354 6/330 0/337 3/21 1/23
Conversion d 4/24 3/17 25/166 29/164

No change 263/354 344/354 351/354 159/187 157/187

Serostatus changes are given with respect to the baseline number of positives (negatives) for reversion (conversion) for each test. Statistics by sex and age group given in
Table S1.

a EI test results at follow-up were not available for the EI-negative cohort.
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neutralizing antibody measurements [16]. This increase may be
explained by aspects of the assay design that lead to preferential
binding of higher affinity antibodies (which increase after
infection) or due to the fact that it measures total immunoglob-
ulins versus a single isotype [27]. Differences in readout trajec-
tories between sexes for the Roche tests are consistent with
results from other studies [28].

Our results comewith a number of limitations.While our estimates
of seroreversion with the EI assay were in line with previously pub-
lished data [10,29,30], we tested baseline and follow-up samples with
the EI assay at different times and with different reagent lots (inter-lot
coefficient of variation of 30%, Fig. S5). Sensitivity analyses accounting
for these differences showed similar seroreversion patterns and
sensitivity decay as the main analyses (Fig. 3A, Fig. S7 and
supplementarymaterial). Secondly, statistics on changes in sero-status
and test response may have been influenced by (re-)exposures during
the period between baseline and follow-up visits, which was
accounted for in the latent class model. Our analyses are conditioned
on antibody response to infection and therefore do not account for the
small proportion of infected individuals that do not do so. This implies
sensitivity estimates may be overestimated in general. In using time-
varying sensitivity to estimate seroprevalence we assumed a constant
case-to-infection ratio over the course of the epidemic, an assumption
which may not hold in many settings. Finally, our sample included
mostly working age adults, thus potentially limiting the generaliz-
ability of our results to other subpopulations such as children, elderly
or immunosuppressed individuals.

Through quantifying anti-SARS-CoV-2 antibody persistence
in a cohort of mostly mildly symptomatic and asymptomatic
infections, we confirm that antibodies remain detectable after at
least 8 months after infection. Using multiple immunoassays, we
illustrate that test choice matters and can greatly affect the
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interpretation of results from population-level serologic studies,
especially as the immune landscape becomes a more complex
mix of recent and old infections. Continued multi-assay, multi-
epitope characterization of post-infection kinetics over longer
periods is important for appropriate analysis and interpretation
of data from serosurveillance efforts aimed at tracking the
evolution of this pandemic.
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