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Background. Evaluating the performance of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) serological assays
and clearly articulating the utility of selected antigens, isotypes, and thresholds is crucial to understanding the prevalence of
infection within selected communities.

Methods. This cross-sectional study, implemented in 2020, screened PCR-confirmed coronavirus disease 2019 patients (n=
86), banked prepandemic and negative samples (n=96), healthcare workers and family members (n=552), and university
employees (n=327) for anti-SARS-CoV-2 receptor-binding domain, trimeric spike protein, and nucleocapsid protein
immunoglobulin (Ig)G and IgA antibodies with a laboratory-developed enzyme-linked immunosorbent assay and tested how
antigen, isotype and threshold choices affected the seroprevalence outcomes. The following threshold methods were evaluated:
(i) mean + 3 standard deviations of the negative controls; (ii) 100% specificity for each antigen-isotype combination; and (iii) the
maximal Youden index.

Results. We found vastly different seroprevalence estimates depending on selected antigens and isotypes and the applied
threshold method, ranging from 0.0% to 85.4%. Subsequently, we maximized specificity and reported a seroprevalence, based

on more than one antigen, ranging from 9.3% to 25.9%.
Conclusions.

This study revealed the importance of evaluating serosurvey tools for antigen-, isotype-, and threshold-specific

sensitivity and specificity, to interpret qualitative serosurvey outcomes reliably and consistently across studies.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
seroprevalence studies (i.e., serosurveys) are essential public
health tools that can be incorporated into disease spread models
to estimate the SARS-CoV-2 effective reproductive number,
SARS-CoV-2 transmission potentials, disease dynamic forecasts,
and assess the impact of public health and clinical interventions,
which are of particularly importance in the beginning of an out-
break [1].
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However, given the number of SARS-CoV-2 serosurvey
tools, evaluating test performance and clearly articulating their
utility across different study populations has become crucial.
This is particularly true for laboratory-developed serological
assays that are not designed for clinical use, were not given
emergency use authorization by the US Food and Drug
Administration, and whose makeup and performance vary
[2]. Ideally, serosurvey tools are evaluated for their reproduc-
ibility, sensitivity, and specificity based on PCR-confirmed
coronavirus disease 2019 (COVID-19) clinical specimens
and well-characterized prepandemic negative controls [3].
Furthermore, thresholds for each detected antigen-isotype
combination and potential compound measurements (e.g.,
final positive call based on more than one SARS-CoV-2 anti-
gen) must be evaluated to allow for qualitative assessments
(i.e., providing results that are either positive or negative for
the antibodies of interest). While the present study focuses on
SARS-CoV-2, the results can be leveraged for any infectious dis-
ease that requires the development and standardization of sero-
logical tools and respective threshold methods for qualitative
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outcomes, especially (re)emerging infectious diseases that re-
quire the rapid development of reliable serological assays.

Here, we describe the evaluation and implementation of a
laboratory-developed SARS-CoV-2 enzyme-linked immuno-
sorbent assay (ELISA) [4] based on samples from
hospitalized COVID-19 patients (CHCs), healthcare workers
(HCWs) and their family members (HCW Family), and
return-to-work employees (RTWs) during the first
COVID-19 wave in Worcester, Massachusetts (MA), from
April to August 2020. Overall, this study aims to demonstrate
the importance of (i) rapidly funding academic medical centers
to design, evaluate, and deploy laboratory-developed tests in an
outbreak setting, and (ii) evaluating serosurvey tools for
antigen-, isotype-, and threshold-specific sensitivity and specif-
icity, in order to interpret seroprevalence measurements reli-
ably and consistently across study populations.

METHODS

Study Participant Recruitment and Enroliment

Study participants were enrolled at the University of
Massachusetts Chan Medical School (UMass Chan) and the
University of Massachusetts Memorial Medical Center
(UMass Memorial) in Worcester, MA between April and
August of 2020 under the institutional review board-approved
consolidated COVID-19 Clinical and Observational
Pathogenesis and Epidemiology (COVID-COPE) study proto-
col (H00020145; see the Supplementary Methods for more de-
tails). Briefly, once consent was obtained, participants were
asked to complete a survey capturing demographic and symp-
tomatic information, and blood samples were collected.

The HCW s consisted of front-line workers from the UMass
Memorial emergency department and their family members
(HCW Family). The RTW employees consisted of UMass
Chan employees who returned to campus in August after the
state-mandated stay-at-home order. In addition, patients with
COVID-19-like symptoms who were being evaluated at the
UMass Memorial emergency department were approached for
study participation (COVID-19 Hospitalized Cases [CHC]).
Once the participants consented, the patients or their healthcare
proxy completed a survey and blood samples were collected.
COVID-19-related clinical information, including symptoms,
were extracted from the participants’ medical charts. Finally, de-
identified banked prepandemic and prescreened blood samples
negative for anti-SARS-CoV-2 antibody served as negative con-
trols (total n = 96; see Supplementary Materials). RTW employ-
ees, HCWs, and HCW Family participants received antibody
results (Supplementary Figure 1), with the caveat that this was
a research assay and not a diagnostic test.

SARS-CoV-2 ELISA
The SARS-CoV-2 ELISA developed at the Ragon Institute was
implemented at UMass Chan [4], using receptor-binding

domain (RBD), spike trimer (S; truncated to 1208 amino acids,
deleted transmembrane domain and C-terminal domain), and
nucleocapsid protein (N; full-length) SARS-CoV-2 antigens
provided by MassBiologics of UMass Chan, Mattapan, MA
[5]. We also used SARS-CoV2 RBD antigen provided by the
Cambridge, MA.
Methods for more details and validation.)

Ragon Institute, (See Supplementary

Statistical Analysis

Statistical calculations and graphs were done using Prism (version
8.2.1), R (version 3.6.1 or 4.1.1), and Stata (version 17) software.
The heat map was generated by the pheatmap package in R soft-
ware (version 4.1.1). Three thresholds were evaluated; see the
Supplementary Methods for more details. First, we applied the
threshold formula “mean + 3 standard deviations of negative con-
trols” (3 SD) threshold [6]. Next, we applied a maximum specif-
icity (Max Spec) threshold by setting the cutoff at 100% specificity
for each antigen-isotype combination (i.e., with the cutoff
value being the highest optical density [OD] value among the
negative control group for each antigen-isotype combination).
Finally, we determined a threshold based on the maximal
Youden index (sensitivity + specificity — 1) and the receiver oper-
ating characteristic (ROC) curve (Supplementary Figure 2),
which balances sensitivity and specificity for each antigen-isotype
combination (Youden threshold). Experimental samples with
OD values equal to or higher than the determined threshold value
for each antigen-isotype combination were considered serologi-
cally positive (Supplementary Table 1).

RESULTS

Study Participant Recruitment

A total of 212 suspected COVID-19 patients (CHCs) were ap-
proached for study participation when they were being evaluated
in the emergency department, and 134 (63.2%) were subse-
quently enrolled. Of those, 86 (64.2%) were PCR-confirmed
COVID-19 cases (Table 1). The majority of the CHCs were white
(60.4% [n=81]) and non-Hispanic (65.7% [n=288]), aged >60
years (59.7% [n=280]; average age, 67 years), and male (47.8%
[n=64]). The Ilatter
and being male) are common COVID-19 risk factors and consis-

two determinants (increased age
tent with the demographics of those severely affected during the
first COVID-19 wave in MA [7].

A total of 253 HCWs volunteered to participate in the study,
and 299 of their family members (HCW Family) were also en-
rolled. Based on self-reported data, the majority of HCW's were
white (76.3% [n=193]) and non-Hispanic (80.2% [n=203]).
The average age of the HCWs was 41 years (range, 21-68
years), and 49.8% (n=126) were female. Among the HCW
family members who reported demographic information,
54.2% (n=162) were white, 57.5% (n=172) non-Hispanic,
and 33.4% (n=100) female. A total of 327 RTW employees
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Table 1.

Demographics, SARS-CoV-2 PCR Results and Symptom Distribution Among Study Participants (n =1109)

Participants, No. (%)

Characteristic CHC HCW HCW Family RTW Negatives?®
Total 134 (12.1) 253 (22.8) 299 (27.0) 327 (29.5) 96 (8.7)
Age(years)
0-17 0(0.0) 0(0.0) 26 (8.7) 0(0.0) 0(0.0)
18-30 4(3.0 45 (17.8) 49 (16.4) 85 (26.0) 19 (19.8)
31-40 5(3.7) 69 (27.3) 36 (12.0) 103 (31.5) 7(7.3)
41-50 12 (9.0) 59 (23.3) 33(11.0) 52 (15.9) 3(3.1)
51-60 19 (14.2) 32 (12.7) 23(7.7) 66 (20.2) 4(4.2)
61-70 18 (13.4) 13 (5.1) 13 (4.3) 18 (5.5) 4(4.2)
>71 58 (43.3) 0(0.0) 3(1.0) 2(0.6) 0(0.0)
Missing 18 (13.4) 35(13.8) 116 (38.8) 1(0.3) 59 (61.5)°
Gender
Male 64 (47.8) 91 (36.0) 87 (29.1) 141 (43.1) 30 (31.3)
Female 52 (38.8) 126 (49.8) 100 (33.4) 184 (56.3) 27 (28.1)
Non-binary 0(0.0) 0 (0.0 1(0.3) 1(0.3) 0(0.0)
Missing 18 (13.4) 36 (14.2) 111 (37.1) 1(0.3) 39 (40.6)
Race
White 81 (60.4) 193 (76.3) 162 (54.2) 229 (70.0) 51 (563.1)
Black 10 (7.5) 6(2.4) 2(0.7) 4(1.2) 3(3.1)
Asian 4(3.0 13 (5.1) 13 (4.3) 71(21.7) 3(3.1)
Other 19 (14.2) 2(0.8) 3(1.0) 18 (5.5) 0 (0.0)
Missing 20 (14.9) 39 (15.4) 119 (39.8) 5 (1.5) 39 (40.6)
Ethnicity
Hispanic 20 (14.9) 11 (4.4) 5(1.7) 19 (56.8) 5 (5.2)
Non-Hispanic 88 (65.7) 203 (80.2) 172 (57.5) 304 (93.0) 52 (54.2)
Missing 26 (19.4) 39 (15.4) 122 (40.8) 4(1.2) 39 (40.6)
SARS-COV-2 PCR test result
Positive 86 (64.2) 84 (33.2) 34 (11.4) 8(2.4) NA
Negative 44 (32.8) 135 (63.4) 149 (49.8) 318 (97.3) NA
Missing 4(3.1) 34 (13.4) 116 (38.8) 1(0.3) NA
COVID-19 symptoms®
>1 134 (100.0) 87 (34.4) 80 (26.8) 29 (8.9) NA
None 0(0.0) 105 (41.5) 81 (27.1) 1(0.3) NA
Missing or NA 0(0.0) 61 (24.1) 138 (46.2) 297 (90.8) NA

Abbreviations: CHCs, COVID-19 hospitalized case; COVID-19, coronavirus disease 2019; HCWs, healthcare workers; HCW Family, family members of enrolled HCWs; NA, not applicable.
RTW, return-to-work employees who had been working remotely from March to August 2020, during the first COVID-19 wave in Worcester, Massachusetts; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.

SARS-CoV-2-negative samples: prepandemic and pre-screened SARS-CoV-2 negative samples.

®Among these 59 participants who provided negative samples but were missing age-specific information, 17 were adults (aged >18 years), one was in his 20s, and two who were in their 30s,

but with no exact ages available.

°The RTW, HCW, and HCW Family members were asked to report symptoms only if they had a positive SARS-COV-2 test result or had reason to believe they were infected. The following
COVID-19 symptoms were reported: cough, fever or chills, shortness of breath or difficulty breathing, loss of taste or smell, sore throat, headache, unexplained muscle or body aches, unusual

weakness or fatigue, chilblains, and/or diarrhea.

volunteered for the study, of whom the majority were white
(70.0% [n=229]) and non-Hispanic (93.0% [n=304]). About
half of them were female (56.3% [n=184]), and the average
age was 40 years (range, 22-73 years). Hence, a total of 1013
study participants were successfully enrolled; demographic
and symptomatic information was recorded, blood samples
were collected, and serum or plasma samples were screened
for anti-SARS-CoV-2 antibodies.

Among these study participants, the missing data ranged
from 0.3% to 40.8% (Table 1), depending on the demograph-
ic category or study population subgroup. Note that this
does not include the COVID-19 symptom reports, as

RTWs, HCWs, and HCW Family participants were asked
to report COVID-19 symptoms only if they had a positive
SARS-COV-2 PCR test or had reason to believe they were in-
fected. HCW Family members were the least likely to answer
demographic questions and therefore had the most missing
data, despite repeated contact attempts. RTWs were most
likely to fill out all the full questionnaires.

Threshold Methods and Sensitivity/Specificity
PCR-confirmed SARS-CoV-2-positive CHCs (n=286) and
negative samples (n=96) were screened by means of ELISA

for anti-RBD, anti-S, and anti-N  SARS-CoV-2
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immunoglobulin (Ig)A and IgG antibodies. We further evalu-
ated (i) merging the three antigen-isotype combinations
(RBD IgG, N IgG, and RBD IgA) with the largest area under
the ROC curve (i.e., with maximum sensitivity and specificity
—“Top Three”); (ii) combining all IgA isotypes (N, RBD and
S IgA—“all IgA”); and (iii) combining all IgG isotypes (N,
RBD and S IgG—“all IgG”) as serological outcome measures
(Figure 1). We used isotype-based compound measurements
because a heat map of CHC, HCW, and RTW-derived OD val-
ues with at least one positive antigen-isotype combination
clustered by isotype, rather than antigen (Figure 2). The clus-
tering was confirmed with a correlogram comparing
antigen-isotype combinations (Supplementary Figure 3).
Again, when analyzing PCR-confirmed CHCs or all seropos-
itive participants, we found the strongest positive correlation
between the same isotypes rather than the same antigens
(Supplementary Figure 3). This clustering of IgG and IgA re-
sponses to SARS-CoV-2 infection has been described by oth-
ers [8, 9] and is likely a function of time since infection [10]
and class switching [8].

Applying the 3 SD threshold resulted in 100% specificity for
all isotype-antigen combinations across IgG and IgA (Table 2).
Conversely, sensitivity was low, ranging from 25.6% to 76.7%.

Sensitivities for RBD IgA and IgG—25.6% and 55.8%, respec-
tively—were particularly low. Sensitivities for IgA and IgG S
trimer and IgA and IgG N were similar, ranging from 72.1%
to 76.7%. The RBD IgM antigen-isotype combination resulted
in relatively low sensitivity (range, 41.9%-93.0% across thresh-
old methods), with specificities ranging from 93.7% to 100.0%
across threshold methods, similar to previously published re-
sults [4, 11]. Given the short duration of IgM production, while
appearing concomitantly with IgG after SARS-CoV-2 infection
[3], IgM was not deemed a useful serosurvey tool and was omit-
ted from the rest of the analyses.

Based on the Max Spec threshold (fixing the specificity at 100%),
sensitivities for RBD IgA and IgG increased compared with the 3
SD threshold but remained relatively low, at 74.4% and 64.0%, re-
spectively. Again, sensitivities for IgA and IgG S trimer and IgA
and IgG N were similar and ranged from 81.4% to 84.9%

Based on the Youden threshold, robust sensitivity was ob-
tained across all antigen-isotype combinations, ranging from
84.9% to 97.7%. Sensitivities for RBD IgA and IgG were
96.5% and 97.7%, respectively. Sensitivities for IgA and IgG S
trimer and IgA and IgG N ranged from 84.9% to 94.2%.
Conversely, specificities were slightly lower than with the other
two methods and ranged from 92.7% to 99.0% (Table 2).
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Figure 1.
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CHCPos CHCNeg  Neg HCW  HCW family RTW

Optical density (OD) value distribution among each measured subgroup. 0D values (450-570nm) were plotted according to each antigen-isotype com-

bination and subgroup (y-axis in log10 scale). The top horizontal line in the graph indicates the cut off for the 3 standard deviation above the mean threshold method (3 SD).
The second line indicates the cut off when the threshold was chosen at the highest value of the negative controls (Max Spec). The third line indicates the cut off when the
threshold was chosen based on the Youden threshold (Youden). Note, the last two lines converge for S IgA and S IgG. Abbreviations: CHC Neg, PCR-negative CHCs (COVID-19
Hospitalized Case); CHC Pos, PCR confirmed hospitalized COVID-19 patients; HCW, health care workers; HCW Family, family members of health care worker listed under
HCW; N, SARS-CoV-2 nucleocapsid protein; Neg, negative controls; RBD, SARS-CoV-2 receptor-binding domain; RTW, return to work employees who had been working
remotely from March to August of 2020, during the first COVID-19 wave in Worcester, MA; S Trimer; SARS-CoV-2 spike trimer.
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Serological Results for HCWs, HCW Family, and RTW Employees

Next, we screened HCW (n=253), HCW Family (n=299),
and RTW (n=327) participants for anti-RBD, anti-S, and
anti-N SARS-CoV-2 IgA and IgG antibodies with the ELISA
method. The overall OD value spread for the HCW, HCW
Family, and RTW subgroups was similar (Figure 1).
However, the overlap between the PCR-positive CHCs (posi-
tive controls) and negative control values varied notably de-
pending on the antigen-isotype combination, affecting the
cutoffs for each method and therefore the subsequently deter-
mined seroprevalence for each subgroup. Furthermore, most
negative control OD values were notably lower than the exper-
imental subgroups (HCW, HCW Family, and RTW) for RBD,
S, and N IgG but not so much for the IgA equivalents. Hence,
when applying the three different thresholds to the experimen-
tal subgroups the seroprevalence outcomes varied widely, not
just across threshold methods (Youden, 3 SD, and Max Spec)
but also across antigen-isotype combinations (Figure 1,
Figure 3, and Supplementary Figure 4).

When we compared the overall seroprevalences for the
antigen-isotype combinations, RBD IgA, RBD IgG, and the
Top Three compound estimate (RBD IgG, RBD IgA, and N
IgG) yielded the highest seroprevalences, especially when ap-
plying the Youden threshold, ranging from 29.7% to 85.4%
(Table 3 and Figure 3). The S IgA- and All IgA-based seroprev-
alences ranged from 12.5% to 38.6% when applying the Youden
threshold (Table 3). Overall, the N IgA-, N IgG-, and S IgG-
based seroprevalences were lowest, ranging from 0.0% to
20.6%, independent of applied threshold; note the wide range
of seroprevalence outcomes (Table 3).

When we compared the three participant subgroups based
on the Youden threshold, the HCWSs had the highest seropre-
valence followed by the HCW Family and RTW groups when
measuring RBD IgA (51.4%, 34.1%, and 29.7%, respectively)
and RBD IgG (85.4%, 62.2%, and 52.9%, respectively)
(Table 3 and Figure 3). For the other antigen-isotype combina-
tions, the order was less pronounced, except for S IgA, where
the RTW subgroup had the highest seroprevalence based on
the Youden and Max Spec thresholds, compared to the HCW
and HCW Family subgroups.

When we compared the threshold methods, applying the
Youden cutoff, which was the most sensitive (highest average
sensitivity across all thresholds and isotype combinations),
yielded the highest seroprevalences across all antigen-isotype
combinations, though with a wide range (6.0%-85.4%;
Table 3 and Figure 3). Furthermore, while the RBD IgA-,
RBD IgG-, and the Top Three compound-based seropreva-
lence estimates were highest when applying the Youden thresh-
old method, they also represented the most notable discrepancy
when comparing the Youden with the Max Spec and 3 SD
thresholds. Based on the Youden threshold method, the RBD
IgG-based seroprevalences among all three subgroups ranged

from 52.9% to 85.4%, as compared to the 3 SD and Max Spec
thresholds, where the seroprevalences ranged from 0.0% to
2.0%.

Given the notable variation in OD spread among the
antigen-isotype combinations and the resulting wide range of
seroprevalence estimates (including the overinflated seropreva-
lence based on RBD IgA/IgG when applying the Youden
threshold; Figure 3), maximizing the specificity and including
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Figure 2. Heat map of optical density (OD) values. A heat map was built based on
unbiased clustering of the OD values of the experimental subgroups with at least
one positive antigen-isotype combination. The OD values are represented in the col-
or scale, ranging from blue to yellow. The results clustered by isotype, rather than
antigen (see top branching into immunoglobulin [Ig]G and IgA from left to the right).
Abbreviations: CHC, COVID-19 hospitalized case; HCW, healthcare workers and
their family members; N, severe acute respiratory syndrome coronavirus 2 (SAR-
S-CoV-2) nucleocapsid protein; RBD, SARS-CoV-2 receptor-binding domain; RTW,
return-to-work employees who had been working remotely from March to Augu-
st 2020, during the first COVID-19 wave in Worcester, Massachusetts; S trimer,
SARS-CoV-2 spike trimer.

SARS-CoV-2 Serosurvey Evaluation « JID 2023:227 (1 February) « 375


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiac431#supplementary-data

Table 2. Sensitivity and Specificity for Each Threshold Method and Isotype-Antigen Combination based on PCR-confirmed Hospitalized Coronavirus

Disease 2019 Patients (n = 86) and Negative Samples (n = 96)

IgA 190G IgM
Threshold Method® Antigen Sensitivity, % Specificity, % Sensitivity, % Specificity, % Sensitivity, % Specificity, %
3SD RBD 25.6 100.0 55.8 100.0 67.4 98.4
S trimer 75.6 100.0 76.7 100.0 NA NA
N 74.4 100.0 721 100.0 NA NA
Max Spec RBD 74.4 100.0 64.0 100.0 41.9 100.0
S trimer 84.9 100.0 84.9 100.0 NA NA
N 83.7 100.0 81.4 100.0 NA NA
Youden RBD 96.5 93.7 97.7 97.9 93.0 93.7
S trimer 84.9 99.0 84.9 99.0 NA NA
N 89.5 94.8 94.2 92.7 NA NA

Abbreviations: Ig, immunoglobulin; Max Spec, maximum specificity; N, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleocapsid protein; NA, not applicable; RBD,
SARS-CoV-2 receptor-binding domain; S trimer; SARS-CoV-2 spike trimer; SD, standard deviation.

#The 3SD threshold was determined by calculating the mean + 3 SDs for negative controls; the Max Spec threshold, by setting the cutoff at the highest value of the negative controls for each
antigen-isotype combination; and the Youden threshold, by determining the maximum Youden index on the ROC curve.

more than one antigen (compound measurements) for the
overall serosurvey measurement was prioritized.

Based on the Top Three compound estimate and the Max
Spec threshold, we estimated that the seroprevalences among
the HCW, HCW Family, and RTW study participants were
14.7%, 10.1%, and 9.3%, respectively (HCWs ranking highest;
Table 3 and Figure 3). Based on the All IgG compound estimate
and the Max Spec threshold, we estimated that the seropreva-
lences among the HCW, HCW Family, and RTW study partic-
ipants were 15.9%, 11.5%, and 25.9%, respectively (with RTW
employees ranking highest). Hence, based on these two com-
pound estimates and the Max Spec threshold, we estimated
that the anti-SARS-CoV-2 antibody seroprevalences among
the HCW, HCW Family, and RTW study participants ranged
from 9.3% to 25.9% during the first COVID-19 wave in
the spring of 2020, while the ranking was unclear owing to rel-
atively low overall seroprevalence. Note that at the time no
COVID-19 vaccines were available, so detection of any
SARS-CoV-2 antibodies was considered an indication of
infection.

Finally, participant COVID-19 symptoms and test reports
were analyzed to validate the serological results. As part of
the participant surveys, HCWs, HCW Family, and RTW partic-
ipants were asked to report COVID-19-like symptoms if they
either had a positive SARS-CoV-2 PCR
were thought to have been infected (Table 1). Among HCW,
HCW Family, and RTW participants, HCWs reported the
most positive SARS-CoV-2 PCR results (33.2% [n=284]) and
COVID-19 symptoms (34.4% [n=287]), followed by HCW
Family and RTW participant groups (Table 1), thus confirming
a potential HCW, HCW Family, and RTW group ranking.
Interestingly, among the RTW employees, HCWs, and HCW
Family members who reported SARS-CoV-2-positive PCR re-
sults, only 54.8% (n=69) reported COVID-19 symptoms,

result or

while 32.5% (n=41) reported no symptoms, and 12.7% (n=
16) did not answer that question. Note that molecular
SARS-CoV-2 tests were not widely available outside hospital
settings during the study period.

DISCUSSION

Given the number of serological SARS-CoV-2 assays, evaluat-
ing test performance and ideal cutoffs, along with clearly artic-
ulating their utility across different study populations is crucial.
In this study, we validated a laboratory developed SARS-CoV-2
ELISA along with three different methods to transform quanti-
tative OD values into qualitative seroprevalence estimates.

The Youden index is a commonly applied threshold method
and conventional ROC summary measure designed to provide
optimal separation of negative and positive values and there-
fore maximize sensitivity and specificity [4, 12, 13]. Fixing
the specificity at 100% (i.e., Max Spec threshold) and using 3
SDs above the mean of the negative controls are also commonly
applied serological threshold methods and are designed to
maximize specificity [13-16]. Hence, we chose methods that
have been evaluated by others and either maximize the
sensitivity-specificity balance or maximize specificity.

The present study found notable variation in seroprevalence
estimates among healthy study populations when comparing
the three threshold methods, with estimates ranging from
0.0% to 85.4%. The seroprevalence outcomes were lowest and
varied least across antigen-isotype combinations based on the
3 SD and Max Spec thresholds. Although applying the
Youden threshold increased sensitivity, which is important in
a clinical setting, this threshold yielded unrealistically high se-
roprevalence estimates within our community-based serosur-
vey, up to 85.4% (RBD IgG in HCWs), and these varied
significantly combinations. For

among antigen-isotype
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Figure 3. Seropositivity of each subgroup, according to the antigen-isotype combination. The red bars represent the seroprevalence based on the threshold
defined as the mean + 3 SDs among negative controls (3 SD). The blue bars represent the seroprevalence based on the maximum specificity threshold (Max Spec). The black
bars represent the seroprevalence based on the Youden threshold (Youden). Abbreviations: HCWs, healthcare workers; HCW Family , family members of participating HCWs;
lg, immunoglobulin; N, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleocapsid protein; RBD, SARS-CoV-2 receptor-binding domain; RTW, return-to-work
employees who had been working remotely from March to August of 2020, during the first coronavirus disease 2019 wave in Worcester, Massachusetts; S trimer, SAR-
S-CoV-2 spike trimer; Top Three, combination of the three antigen/isotype combinations (RBD IgG, N IgG, and RBD IgA) with the largest area under the ROC curve (i.e.,

with maximum sensitivity and specificity).

example, the RBD IgG-based seroprevalence among the HCW,
HCW Family, and RTW groups ranged from 52.9% to 85.4%
when applying the Youden threshold and from 0.0% to 2.0%
when applying the Max Spec threshold (Table 3).

While such discrepancies were most drastic among
RBD-based seroprevalence estimates and were unrealistically
high for both RBD IgA and IgG when applying the Youden
threshold, the seroprevalence outcomes were not as different
when comparing the three thresholds for N IgA, N IgG, and
S IgG. These results emphasized the importance of maximizing
assay specificity, as generally done in population-based studies,
and using compound measurements for our final serosurvey
outcome (i.e., population-based exposure status as determined
by seroprevalence). The Top Three (93.0% sensitivity, 100.0%
specificity) and the all IgG (94.2% sensitivity, 100.0% specific-
ity) compound estimates, combined with the Max Spec thresh-
old, exhibited the least antigen- or isotype-dependent variation
and were considered the most reliable outcome measurements

to determine seroprevalence in our study population

(Table 3). Based on these two compound estimates and the
Max Spec threshold, we estimated that the anti—-SARS-CoV-2
antibody seroprevalence among the HCW, HCW Family,
and RTW study participants ranged from 9.3% to 25.9%
during the first COVID-19 wave in the spring of 2020, while
the ranking was unclear owing to relatively low overall
seroprevalence.

A similar hospital-based study found seroprevalence esti-
mates of 5.5% among HCWs in Boston, MA, in July of 2020
[17]. Another Massachusetts population-based study found se-
roprevalence estimates of 31.5% in April 2020 [18]. However,
the difference could be due to the serosurvey tool, as the study
used an IgM-IgG point-of-care lateral flow immunoassay. A
US-wide blood donation-based SARS-CoV-2 seroprevalence
study found that infection-induced seroprevalence estimates in-
creased from 3.5% to 11.5% between July and December 2020,
and it estimated the northeast of the US (including MA) to
have reached a seroprevalence of 19.3% by May of 2021 when
the study ended [19]. Hence, our HCW, HCW Family, and
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Table 3. Seroprevalence for Each Participant Group, Antigen-Isotype Combination, and Threshold Method

Seroprevalence, % (No.)

Isotype-Antigen Combination Threshold Method® HCW (n=253) HCW Family (n=299) RTW (n=327)
RBD IgA Youden 51.4 (130) 34.1 (102) 29.7 (97)
Max Spec 2.8(7) 1.3 (4) 0.9 @)
3SD 0.0 (0) 0.0 (0) 0.0 (0)
RBD IgG Youden 85.4 (216) 62.2 (186) 52.9 (173)
Max Spec 2.0 (5) 1.3 (4) 0.0 (0)
3SD 0.4 (1) 1.3 (4) 0.0 (0)
S trimer IgA Youden 19.1 (48) 12.5 (36) 38.6 (124)
Max Spec 18.3 (46) 12.2 (35) 36.8 (118)
3SD 3.2(8) 1.4 (4) 5.3(17)
S trimer IgG Youden 6.0 (15) 7.3(21) 20.6 (66)
Max Spec 6.0 (15) 7.3 (21) 20.2 (65)
3SD 4.8(12) 4.5(13) 7.2 (23)
N IgA Youden 19.9 (50) 10.8 (31) 20.2 (65)
Max Spec 9.2 (23) 3.5(10) 8.1 (26)
3SD 1.6 (4) 0.0 (0) 0.9(3)
N 1gG Youden 15.1 (38) 12.8 (37) 15.3 (49)
Max Spec 5.2 (13) 4.5 (13) 2.5(8)
3SD 3.6 (9) 1.4 (4) 0.9(3)
Top Three Youden 71.3 (179) 50.3 (145) 50.2 (161)
Max Spec 14.7 (37) 10.1 (29) 9.3 (30)
3SD 4.0 (10) 2.1 (6) 0.9(3)
All IgA Youden 30.7 (77) 20.1 (58) 33.6 (108)
Max Spec 10.0 (25) 4.5 (13) 12.1 (39)
3SD 5.2 (13) 1.0(3) 3.4(11)
All lgG Youden 15.9 (40) 11.5(33) 25.9 (83)
Max Spec 15.9 (40) 11.5(33) 25.9 (83)
3SD 4.8(12) 3.1(9) 3.7 (12)

Abbreviations: HCW, healthcare workers; HCW Family, family members of participating HCWs; Ig, immunoglobulin; Max Spec, maximum specificity; N, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) nucleocapsid protein; RBD, SARS-CoV-2 receptor-binding domain; RTW, return-to-work employees who had been working remotely from March to August 2020,
during the first COVID-19 wave in Worcester, Massachusetts; S trimer; SARS-CoV-2 spike trimer; SD, standard deviation; Top Three, combination of the three antigen/isotype combinations
(RBD IgG, N IgG, and RBD IgA) with the largest area under the ROC curve (i.e., with maximum sensitivity and specificity).

#The 3SD threshold was determined by calculating the mean + 3 SDs for negative controls; the Max Spec threshold, by setting the cutoff at the highest value of the negative controls for each
antigen-isotype combination; and the Youden threshold, by determining the maximum Youden index on the ROC curve.

RTW populations fall into the estimated ranges in similar time
periods.

Longitudinal studies have found that SARS-CoV-2 IgA and
IgG antibodies are first detected within similar time frames
post-symptom onset (PSO), but IgA production ceases earlier.
[20, 21] IgA seroreversion has been reported between two and
six months PSO, while IgG antibodies are detected up to eight
months PSO. [20, 21] Despite the short time frame of the study
during the early phase of the pandemic, within five months of
the first COVID-19 wave in MA, the discrepancies between
antigen-isotype combinations may have been due to individual
variation in kinetics of natural antibody production among
study participants or the respective half-lives of circulating
antigen-specific antibodies. For example, SARS-CoV-2 IgG
persistence and titer have been found to depend on disease se-
verity. [22] Another study found a substantial decline in anti-N
SARS-CoV-2 antibodies over a five-month period as part of a
Canadian serosurveillance program [23]. Furthermore, others
have shown that S-specific serum IgA levels decay significantly

(P <0.002) faster than S-specific IgG after COVID-19 messen-
ger RNA vaccination [10]. Others have found differences in
post-vaccination antibody production depending on sex or
age [24]. Hence, the choice of (i) measured antigen-isotype
combination, (ii) threshold method, and (iii) presumably pos-
itive and negative controls can affect the positive threshold de-
termination and therefore the qualitative outcomes of a
serological assays.

Our study had limitations. The study participants were
mostly white and non-Hispanic. Others have observed signifi-
cant differences in the breadth and strength of the humoral im-
mune response in relation to ethnicity [25]. Hence, our results
may not apply to more diverse populations. Furthermore, our
results may not be applied to currently circulating
SARS-CoV-2 variants since the study samples were collected
during the early phase of the pandemic. Overall, there was a
general lack of molecular tests during active infection for
non-hospitalized cases. Hence, we were not able to confirm

whether our study included asymptomatic infections or
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potential non-seroconverters and whether the lack of antibod-
ies may have been a function of time since infection. Similarly,
there was only limited information on days since symptom on-
set for the CHCs, which would have allowed determining sen-
sitivity and specificity in terms of time since symptom onset.

Furthermore, there could have been self-selection bias
among HCW, HCW Family, and RTW groups whereby people
who thought they had been infected or exposed to SARS-CoV-
2 were more likely to enroll in our study and therefore artificial-
ly inflate the seroprevalence. Finally, ELISAs are being increas-
ingly replaced by multiplex bead assays. However, methods to
define seropositivity still need to be developed [26]. Note that in
the COVID-19 vaccine era, serological assays are designed to
distinguish between vaccination (i.e., anti-S or anti-RBD only
antibodies) and infection (i.e., anti-S, anti-RBD and/or anti-N
antibodies), even though one has to consider potential cross-
reactivity with endemic human coronaviruses, especially
OC43 and HKUI, which are most closely related to
SARS-CoV-2 [27].

In summary, the present study found notable variation
among seroprevalence outcomes depending on the antigen-
isotype combination and the chosen threshold method, and
we found that compound estimate-based outcomes calculated
with the Max Spec threshold were most reliable. Robust seros-
urveys are powerful public health tools that can determine the
extent of previous SARS-CoV-2 infections or vaccination rates
among populations with different exposure risks. Knowing the
fraction of susceptible individuals within a specific population
assists with (i) establishing effective risk assessments, (ii) imple-
menting specific infection control measures, and (iii) determin-
ing the effectiveness of those measures over time. This is
especially important in regions outside the United States, where
vaccinations are not widely implemented and longitudinal se-
rosurveys will help monitor changes in transmission patterns.
However, to obtain reliable seroprevalence estimates, serosur-
vey tools need to be evaluated for antigen-, isotype-, and
threshold-specific sensitivity and specificity, in order to inter-
pret qualitative serosurvey outcomes reliably and consistently
across study populations.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the au-
thors to benefit the reader, the posted materials are not copyed-
ited and are the sole responsibility of the authors, so questions
or comments should be addressed to the corresponding author.
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