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Abstract. Serosurveillance can provide estimates of population-level exposure to infectious pathogens and has been
used extensively during the COVID-19 pandemic. Simultaneous, serological testing for multiple pathogens can be done
using bead-based immunoassays to add value to disease-specific serosurveys. We conducted a validation of four
SARS-CoV-2 antigens—full-length spike protein, two receptor binding domain proteins, and the nucleocapsid protein—
on our existing multiplex bead assay (MBA) for enteric diseases, malaria, and vaccine preventable diseases. After deter-
mining the optimal conditions for coupling the antigens to microsphere beads, the sensitivity and specificity of the assay
were determined on two instruments (Luminex-200 and MAGPIX) when testing singly (monoplex) versus combined
(multiplex). Sensitivity was assessed using plasma from 87 real-time reverse transcription polymerase chain reaction
(rRT-PCR) positive persons collected in March–May of 2020 and ranged from 94.3% to 96.6% for the different testing
conditions. Specificity was assessed using 98 plasma specimens collected prior to December 2019 and plasma from 19
rRT-PCR negative persons and ranged from 97.4% to 100%. The positive percent agreement was 93.8% to 97.9%
using 48 specimens collected. 21 days post-symptom onset, while the negative percent agreement was$ 99% for all
antigens. Test performance was similar using monoplex or multiplex testing. Integrating SARS-CoV-2 serology with other
diseases of public health interest could add significant value to public health programs that have suffered severe pro-
grammatic setbacks during the COVID-19 pandemic.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the virus that causes COVID-19, is a novel coronavirus
(sarbecovirus) that emerged at the end of 2019. Coronavirus
disease 2019 was declared a pandemic in March of 2020 and
confirmed cases have now been reported in almost every
country. Antibodies to SARS-CoV-2 antigens develop 1–3
weeks after infection.1,2 While of limited utility to diagnose an
acute infection, antibodies can be used to estimate the pro-
portion of a population with evidence of previous infection with
SARS-CoV-2. Severe acute respiratory syndrome coronavirus
2 serosurveys have already been undertaken in places such as
the United States,3–5 Peru,6 Kenya,7,8 Nigeria,9 United Arab
Emirates,10 and Slovenia.11 A meta-analysis of 82 serosurveys
conducted through December 22, 2020, 38 of which focused
on the general population and often used convenience speci-
mens, showed an average 8% antibody seroprevalence for
the general population.12 However, North America and Europe
were overrepresented in this analysis, and additional data are
needed to understand the global burden of SARS-CoV-2
exposure.
Most commercially available SARS-CoV-2 serological

assays detect antibodies to a single antigenic target, typi-
cally either the nucleocapsid (N) protein, full-length spike (S)
protein, or the S receptor binding domain (RBD) proteins.

However, serological assays based on a single antigenic tar-
get may not be ideal, especially in low prevalence settings or
in differentiating natural infection from vaccination, when
compared with a multi-antigen target.13 Additionally, single
antigenic target serological assays may be affected by cross
reactions with other endemic infections.14 Multiplex bead
assays (MBA) used for integrated serological surveillance
could add value to COVID-19 serosurveys by simultaneously
testing for other infections of public health interest.15,16 We
have used MBA for integrated serosurveillance of neglected
tropical diseases (NTDs),16–19 malaria,20–22 waterborne dis-
eases,23,24 and measuring seroprotection to vaccine pre-
ventable diseases (VPDs)25 to obtain additional information
on disease burden, susceptibility to vaccine-preventable dis-
eases, and progress toward disease elimination targets.
The customizable nature of multiplex platforms, such as

Luminex-based technology, allows the addition of specific
targets for new diseases to currently used panels in the
assay. In this study, we describe the validation of four
SARS-CoV-2 antigens using our existing MBA. We also
assess the reproducibility of the assay between laboratories
in two countries.

METHODS

Ethics. This study did not involve contact with patients,
and no specimens were collected specifically for the pur-
poses of this study. Residual samples were used for diagnos-
tics development under a protocol that was reviewed and
approved by the Centers for Disease Control and Prevention
Institutional Review Board with an approved waiver of
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informed consent (see 45 C.F.R. part 46; 21 C.F.R. part 56).
The approved Project ID number is 0900f3eb81c1b13d. All
methods involving human biological samples were carried
out in accordance with relevant guidelines and regulation.
Specimens. Two panels of plasma specimens were used

to determine the optimal conditions for coupling the SARS-
CoV-2 antigens to beads: Panel 1 was comprised of seven
SARS-CoV-2 antibody positive plasma specimens collected
from patients confirmed positive by rRT-PCR or who had clini-
cal signs/symptoms consistent with COVID-19 and Panel 2
was comprised of 11 plasma specimens obtained from healthy
U.S. donors prior to 2019. Panel 3 (N 5 204) was used to
determine cutoff values and assay sensitivity and specificity
and consisted of plasma collected from 106 individuals that
had SARS-CoV-2 rRT-PCR results available (87 rRT-PCR pos-
itives and 19 rRT-PCR negative) during March–May of 2020,
and 98 plasma specimens collected prior to December of
2019. Panels 4 and 5 were used to further evaluate assay per-
formance. Panel 4 consisted of plasma from 108 rRT-PCR
confirmed positive persons, 102 of which had information on
the duration of time between COVID-19 symptom onset and
blood collection. Among the latter, specimens were collected
between 13 and 83 days post-symptom onset, with 54 col-
lected # 21 days post-symptom onset and 48 collected . 21
days post-symptom onset. Panel 5 included 86 specimens
collected prior to 2019. Additional information on each
panel is shown in Table 1. All plasma specimens were
stored at 280�C prior to testing.
Artificial dried blood spots (DBS) were prepared by spiking

red blood cells (RBCs) from an antibody-negative donor with
equal parts plasma from panels 1 and 2 using previously
described methods.26 Blood (10 mL) spiked with each speci-
men (N 5 18) was transferred onto one filter paper extension
(TropBio Pty Ltd., Townsville, Queensland, Australia) and
dried overnight at 20–22�C. DBS were stored at 220�C prior
to testing.
Six specimens for precision testing were selected from

panels 1, 2, and 3 to ensure that high, medium, and low val-
ues in the linear range of the assay for each antigen were
assessed.
Antigens. To allow secretion and affinity purification of

SARS-CoV spike RBD (GenBank MN908947), residues
319–541 and 319–591 were fused to the C-terminal of IL-6
signal peptide, 8xHis tag, a glycine linker (GGGGS) and
human rhinovirus 3C protease cleavage site. The human
codon-optimized tagged RBD sequences were cloned into
mammalian expression vector pEEV-Puro.27 Plasmid to pro-
duce the prefusion stabilized HexaPro spike28 trimer was
kindly provided by Jason McLellan (University of Texas,

Austin). Expi293 cells were grown in Expi293 expression
medium (Thermo Fisher Scientific, Waltham, MA). The spike
and His-RBD fusion proteins were produced by transfecting
Expi293 cells using FectoPro reagent (Polyplus Transfection)
and the secreted proteins were purified by immobilized
metal affinity chromatography using HisTrap Excel columns
(Cytiva) and dialyzed against PBS pH 7.4. SARS-CoV-2
nucleocapsid antigen was purchased commercially (Gen-
Script, Piscataway, NJ, Cat # Z03480).
Coupling antigen to microspheres. Antigens were cou-

pled to carboxylated MagPlexVR microspheres (Luminex Cor-
poration, Austin, TX) at five concentrations (6, 3, 1.5, 0.6,
and 0.3 mg of antigen per 1.25 3 106 beads) in two coupling
buffers (13 phosphate buffered saline [PBS] pH 7.2 and 50
mM MES, 0.85% NaCl at pH 5) following previously
described methods.24

MBA. Sera and DBS were diluted to 1:400 in Buffer B (13
PBS, 0.5% casein, 0.5% polyvinyl alcohol [PVA], 0.8% poly-
vinylpyrrolidone [PVP], 0.3% Tween-20, 0.02% sodium
azide, and 3 mg/mL Escherichia coli extract). Diluted speci-
mens were tested in duplicate on an MBA as previously
described and read on either a Bio-Plex 200 (BioRad, Hercu-
les, CA) or MAGPIX (Luminex, Austin, TX) instrument (Priest
and Moss). Briefly, diluted specimen (50 mL) was incubated
with beads (1,250 beads/well/antigen) in either a 96-well fil-
ter bottom (Bio-Plex assay) or flat bottom (MAGPIX assay)
plate for 1.5 hours. Beads were washed three times with 13
PBS 1 0.05% Tween-20 (PBST). Beads in filter bottom
plates were washed with 100 mL of PBST using vacuum fil-
tration to remove liquid between each wash. Beads in flat
bottom plates were washed with 200 mL PBST using a hand-
held manual magnetic plate washer (BioRad) to hold the
beads to the plate while liquid was decanted. Beads were
incubated with 50 ng IgG (Southern Biotech, Birmingham,
AL) and 20 ng IgG4 (Southern Biotech) to detect bound anti-
body for 45 minutes. Beads were washed three times with
PBST and incubated with 250 ng SAPE (Invitrogen, San
Francisco, CA) for 30 minutes. Beads were washed three
times with PBST and incubated with 13 PBS, 0.5% BSA,
0.05% Tween-20, and 0.02% NaN3 for 30 minutes to
remove any loosely bound antibodies. Beads were washed
one more time, suspended in 13 PBS and stored overnight
at 4�C. The next day, beads were read on either the
Bio-Plex 200 or the MAGPIX. The average median fluores-
cence intensity (MFI) with background (Buffer B alone)
subtracted (MFI-bg) was determined for each antigen for
each specimen.
Specimens were tested on both Bio-Plex and MAGPIX at

US CDC in Atlanta, GA, and MAGPIX at the National

TABLE 1
Characteristics of plasma sample cohorts

Panel Sample cohort Country Date of sample collection N Testing location

1 Suspected COVID-19 positive patients The United States April–May 2020 7 The United States
2 Healthy donors The United States 2011 11 The United States and Nigeria
3 Healthy donors The United States October 2018–November 2019 98 The United States
3 Suspected COVID-19 positive patients The United States March–June 2020 106 The United States
4 COVID-19 confirmed positive patients The United States April–July 2020 108 The United States and Nigeria
5 Healthy donors The United States Prior to 2019 86 The United States
Suspected COVID-19 positive patient cohorts included donors that tested positive for SARS-CoV-2 by rRT-PCR (real-time reverse transcription polymerase chain reaction) and donors that had

clinical signs/symptoms consistent with COVID-19 and household members testing SARS-CoV-2 positive. Healthy donor cohorts included samples collected prior to the beginning of the
COVID-19 pandemic.
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Reference Laboratory (NRL) in Gaduwa, Nigeria. The loca-
tion where each specimen set was run is shown in Table 1.
A 10-point positive pool (derived from panel 1) dilution series

ranging from 1:100 to 1:51,200 was tested in monoplex (each
coupling individually) and multiplex (all couplings combined).
All specimens from panel 3 were tested in monoplex and multi-
plex. All other panels were tested only in multiplex.
Specimens for precision testing were run in duplicate on

six plates on three different days (two plates/day)29 with mul-
tiple operators on both Bio-Plex and MAGPIX at CDC and
on the MAGPIX at NRL.
Statistical analysis. Signal to noise ratios for each cou-

pling condition were determined by dividing the average MFI
of panel 1 by the average MFI of panel 2. The coupling con-
dition that yielded the highest signal to noise ratio for each
antigen was chosen as the optimal condition.
Linear regression analysis was performed to determine the

coefficient of determination (R2) between results for each
antigen derived from monoplex versus multiplex testing,
from plasma versus DBSs, and from US CDC versus Nige-
ria NRL.
Cutoff values for each antigen were determined by

receiver operating characteristic (ROC) curves using positive
and negative specimens from panel 3, maximizing for sensi-
tivity and specificity using Youden’s J index. Positives
included plasma from 87 rRT-PCR positive persons and
negatives included 98 pre-pandemic specimens and plasma
from 19 rRT-PCR confirmed negative persons. Median fluo-
rescence intensity-bg cutoff values for each antigen were
chosen that maximized sensitivity and specificity using You-
den’s J index. Sensitivity was determined as the percent of

samples above the cutoff value out of the 87 positive sam-
ples. Specificity was determined as the percent of samples
below the cutoff value out of the 117 negative samples. Area
under the curve values was also determined. Analysis was
performed using GraphPad Prism software.
Precision was determined by calculating the percent coeffi-

cient of variation (%CV) between plates for each specimen.
Repeatability was determined using six plates run by one
operator at U.S. CDC. Intermediate precision was determined
using 12 plates run by two operators (six plates per opera-
tor) at U.S. CDC. Reproducibility was determined using 12
plates run at U.S. CDC and Nigeria NRL (six plates/site).
For additional assay evaluation, positive percent agree-

ment (PPA) to rRT-PCR positive specimens was determined
as the percent antibody positive out of all 108 specimens
from panel 4. Negative percent agreement (NPA) was deter-
mined as the percent antibody negative out of 97 specimens
from panels 2 and 5 (U.S. analysis).

RESULTS

Assay optimization. The optimal concentration of antigen
per 12.5 3 106 beads was 6 mg for S protein, 15 mg for
RBD541, 6 mg for RBD591, and 3 mg for N protein. The opti-
mal coupling buffer pH was 7.2 for S and N protein and 5
for RBD541, and RBD591. Average MFI values for positive
and negative specimens on MAGPIX and Bio-Plex are
shown in Figure 1 and Supplemental Figure 1 for each cou-
pling condition.
The correlation coefficient for each antigen on MAGPIX

was . 0.99 between monoplex and multiplex and . 0.988

FIGURE 1. Coupling optimization on MAGPIX. MFI by coupling amount (mg per 103 coupling) and coupling buffer for each antigen run on MAG-
PIX. The average MFI of positive specimens is shown in red, and the average MFI of negative specimens is shown in blue. MFI5 median fluores-
cence intensity; MES 5 2-ethanesulfonic acid; MES pH 5 5 50 mM MES, 0.85% NaCl at pH 5; PBS pH 7.2 5 1x phosphate buffered saline pH
7.2; S5 spike; RBD5 receptor binding domain; N5 nucleocapsid.
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between plasma and DBS (Figures 2 and 3). Bio-Plex results
are shown in Supplemental Figures 2 and 3.
Cutoff values, sensitivity, and specificity. The cutoff for

positivity on MAGPIX was an MFI-bg value of 130 for S pro-
tein, 665 for RBD541, 627 for RBD591, and 1046 for N

protein. The cutoff for positivity on Bio-Plex was an MFI-bg
value of 1288 for S protein, 2919 for RBD541, 2653 for
RBD591, and 3683 for N protein. Table 2 and Supplemental
Table 1 show the sensitivity/specificity for each antigen tested
in monoplex and multiplex on MAGPIX and Bio-Plex.

FIGURE 2. Comparison of monoplex and multiplex on MAGPIX. Coefficient of determination (R square) and slope between MFI-bg values of
specimens tested in multiplex (all 4 antigens) and monoplex (each antigen individually) on MAGPIX are shown for each antigen. Each dot is an indi-
vidual specimen. S 5 spike; RBD 5 receptor binding domain; N 5 nucleocapsid; MFI-bg 5 median fluorescence intensity minus background.
This figure appears in color at www.ajtmh.org.

FIGURE 3. Comparison of plasma and DBS on MAGPIX. Coefficient of determination (R square) and slope between MFI-bg values of plasma
and dried blood spots (DBS) on MAGPIX are shown for each antigen. Each dot is an individual specimen. DBS 5 dried blood spot; S 5 spike;
RBD 5 receptor binding domain; N 5 nucleocapsid; MFI-bg 5 median fluorescence intensity minus background. This figure appears in color at
www.ajtmh.org.
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Sensitivity ranged from 94.3% to 96.6% and specificity
ranged from 97.4% to 100%. There were no differences in
sensitivity or specificity when specimens were tested in
monoplex or multiplex. Receiver operating characteristic
curves for monoplex and multiplex testing on MAGPIX and
Bio-Plex are shown in Figure 4 and Supplemental Figure 4.
Assay evaluation. Positive percent agreement stratified

by days since symptom onset and NPA for specimens tested
at U.S. CDC on MAGPIX and Bio-Plex are shown in Table 3
and Supplemental Table 2. For all antigens, PPA was higher
. 21 days post-symptom onset (93.8–97.9%) compared
with # 21 days post-symptom onset (55.6–81.5%). Median
fluorescence intensity-bg values on MAGPIX and Bio-Plex
were significantly higher in patients who were more than
21 days post-symptom onset for all antigens (Figure 5,
and Supplemental Figure 5). Negative percent agreement
was $ 99% for all antigens. We found no significant
improvement in PPA/NPA using any combination of the
four antigens compared with using the S protein alone
(data not shown).
Interlaboratory reproducibility. Repeatability and repro-

ducibility for each antigen and specimens on MAGPIX are
shown in Table 4. Percent CVs for repeatability ranged from
0.5% to 11% and reproducibility ranged from 2.7% to
21.6%. Bio-Plex data are shown in Supplemental Table 3.
The R2 for each antigen between testing at U.S. CDC

and Nigeria NRL was 0.985 or above (Figure 6). The over-
all percent agreement in specimens classified as positive
or negative in each location was 100% for S protein,
99.2% for RBD541, 98.3% for RBD591, and 97.5% for N
protein.

DISCUSSION

We show here that these four SARS-CoV-2 antigens show
good performance when used in our existing MBA with high

sensitivity, specificity, PPA, and NPA. The test exceeded the
United States Food and Drug Administration serology
requirements of 90% sensitivity and 95% specificity based
on an ROC analysis.30 Positive percent agreement on an
additional set of rRT-PCR positive specimens was higher
for individuals with specimens collected . 21 days post-
symptom onset than those collected # 21 days post-
symptom onset, similar to other SARS-CoV-2 serology
assays.30 The latter individuals likely had yet to develop
detectable antibody responses.31 The test performance was
excellent based on the ROC area under the curve, with high
precision and inter-laboratory reproducibility. Integrated
serological testing is increasingly being used in laboratories
worldwide, and data here support that bead-based multiplex
assays provide robust platforms for detection of antibodies
to SARS-CoV-2.
This assay adds to the growing number of multiplexed

assays that can simultaneously test for antibodies against
multiple SARS-CoV-2 antigens with routinely high sensitiv-
ity and specificity13,32–36 and high repeatability.37 While
increased sensitivity was achieved using a multi-antigen for
many assays,13,32–35,37 we found no significant improvement
in PPA or NPA using any combination of the four antigens
compared with using only the S protein alone. We will con-
tinue evaluate in other populations, particularly in those with
malaria exposure, for which cross-reactivity with SARS-CoV-
2 antigens has been documented.14 However, the ability to
achieve high sensitivity with a single antigen would facilitate
using antibodies to N and S antigens to potentially differenti-
ate vaccine-induced versus infection-induced immunity for S
only based vaccines. Bead-based immunoassays tend to
have high analytical sensitivity (i.e., can detect small amounts
of antibody in a specimen) from small specimen volumes; our
assay uses a 1:400 dilution of serum. Multiple readings—50
in this assay—are taken for each antigen in a single well to
obtain a robust measure of MFI. Excellent test performance
was seen for two different instruments, the MAGPIX and
Luminex-200, giving flexibility to laboratories interested in
multiplex-based testing. The high interlaboratory agreement
testifies to the ruggedness of the assay to withstand varia-
tions in external parameters, such as shipping specimens,
different instruments in different facilities, and operator varia-
tion (of note, NRL uses an assembly line approach to MBA
testing so nine individuals had a role in running all 12 plates).
The robustness of the MBA, coupled with the ability to simul-
taneously test for antibodies to multiple antigens, make this
an appealing option for large-scale serosurveys.
While serology tests as a whole tend to lack well-defined con-

trols to assess sensitivity and specificity, SARS-CoV-2 serology
tests have been developed under unusual circumstances: the

TABLE 2
Sensitivity and specificity for monoplex and multiplex testing

on MAGPIX

Multiplex (95% CI) Monoplex (95% CI)

S protein Sensitivity 96.6% (90.3–99.3) 96.6% (90.3–99.3)
Specificity 99.2% (95.3–100) 99.2% (93.4–100)

RBD541 Sensitivity 95.4% (88.6–98.7) 94.3% (87.1–98.7)
Specificity 97.4% (92.7–99.5) 97.4% (92.7–99.5)

RBD591 Sensitivity 95.4% (88.6–98.7) 94.3% (87.1–98.1)
Specificity 100% (96.9–100) 100% (96.9–100)

N protein Sensitivity 96.5% (90.3–99.3) 95.4% (88.6–98.7)
Specificity 98.3% (94.0–99.8) 99.2% (95.3–100)

S 5 spike; RBD 5 receptor binding domain; N 5 nucleocapsid. 95% confidence interval
(CI) shown in parentheses.

TABLE 3
PPA and NPA for each antigen on MAGPIX

PPA
NPA

Overall (N 5 108) # 21 days (N 5 54) . 21 days (N 5 48) Overall (N 5 97)

S protein 87.9% (80–92.8) 81.5% (69.2–89.6) 97.9% (89.1–100) 100% (96.2–100)
RBD541 76.9% (68.1–83.8) 63.0% (49.6–74.5) 93.8% (83.2–97.9) 99.0% (94.4–100)
RBD591 75.9% (68.0–83.8) 61.1% (47.8–73.0) 93.8% (83.2–97.9) 99.0% (94.4–100)
N protein 75.0% (66.1–82.2) 55.6% (42.4–68.0) 97.9% (89.1–99.9) 100% (96.2–100)

N5 nucleocapsid; NPA5 negative percent agreement; PPA5 positive percent agreement; RBD5 receptor binding domain; S5 spike. PPA by# 21 days and.21 days post-symptom onset is
shown for each antigen. 95% confidence intervals are shown in parenthesis.
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worldwide focus on this pandemic has resulted in collection of
unusually well-defined specimen panels to determine test per-
formance. Among these are specimens for which the time from
infection or symptom onset is documented, allowing good esti-
mates of the time frame after infection in which antibodies
in blood will be detectable by available tests. By contrast, we
did not include antigens from seasonal coronaviruses due to
the lack of well-defined panels from people with laboratory-
confirmed cases of other coronaviruses. The assay will also fur-
ther be evaluated as new variants emerge.
The COVID-19 pandemic has led to a wider understanding

of the utility of serosurveys in understanding population-
level exposure to infectious agents. While serology is not
currently part of WHO guidance for diseases such as malaria
or NTDs with elimination targets, serology is currently part of
WHO guidance and verification of elimination for VPDs.38

Additionally, serology is becoming increasingly used to esti-
mate prevalence to help programs prioritize where to focus
interventions.39,40 Multiplex testing of DBS collected during
a serosurvey triggered by a diphtheria outbreak in refugee
camps in Cox’s Bazar, Bangladesh, showed little evidence

of malaria,22 trachoma,17 or yaws.17 An NTD collateral bene-
fits study provided critical data to show tetanus immunity
gaps in East African adult men.25 Unknown pockets of
Strongyloides stercoralis infection in Cambodia were
revealed by multiplex testing of specimens from a VPD
serosurvey.18 While this study only used SARS-CoV-2 anti-
gens due to the restrictions of the consent for testing, we
have not observed any decreased performance when adding
other antigens to this assay so do not expect that to be a
problem. The ability to test for antibodies to SARS-CoV-2 at
the same time as over two dozen other infectious agents in
the MBA creates an opportunity for COVID-19 serosurveys
to be vehicles to gain more transmission data on other dis-
eases of public health interest, and further data on SARS-
CoV-2 transmission could be obtained through serosurveys
for other diseases.

FIGURE 5. MFI-bg by days post symptom onset for each antigen
on MAGPIX. Box and whiskers plots of MFI-bg values for S protein in
black, RBD541 in red, RBD591 in blue and N protein in green. P val-
ues between# 21 days and. 21 days post symptom onset for each
antigen shown at the top of the graph. S 5 spike; RBD 5 receptor
binding domain; N 5 nucleocapsid; MFI-bg 5 median fluorescence
intensity minus background.

FIGURE 4. ROC plots for monoplex and multiplex testing on MAGPIX. Area under the curve values with 95% confidence intervals in parenthesis
on each graph. ROC5 receiver operating characteristic; S5 spike; RBD5 receptor binding domain; N5 nucleocapsid.

TABLE 4
Repeatability and reproducibility testing on MAGPIX

Antigen MFI-bg Sample Repeatability (% CV) Reproducibility (% CV)

S protein 19,102 P1 2.2 3.5
8,338 P2 3.9 11.3
2,772 P3 5.8 14.6
1,135 P4 4.5 14.6
1,240 P5 5.1 14.7

41,409 P6 1.5 4.6
RBD541 13,594 P1 1.8 9.7

9,541 P2 4.9 10.6
3,322 P3 11.0 14.2
1,322 P4 7.1 9.3
2,381 P5 3.9 16.8

43,631 P6 0.7 2.8
RBD591 12,748 P1 2.0 10.5

10,136 P2 4.4 11.5
3,649 P3 10.7 17.2
1,450 P4 6.2 8.4
2,268 P5 3.3 18.0

44,442 P6 0.5 2.7
N protein 21,033 P1 2.9 5.2

10,957 P2 7.0 13.8
6,614 P3 3.5 14.0
3,688 P4 4.6 21.6

10,355 P5 4.8 16.9
28,203 P6 3.4 6.9

CV 5 coefficient of variation; MFI-bg 5 median fluorescence intensity minus background;
N 5 nucleocapsid; P1–P6 5 positive specimen 1–positive specimen 6; RBD 5 receptor
binding domain; S 5 spike. The average MFI-bg for each specimen run on multiple days is
shown for each antigen. Percent CV is shown for each antigen and specimen for repeatability
testing (multiple plates, one operator) and reproducibility testing (multiple plates, multiple
operators, two laboratories).
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The 17th and final goal of the United Nation Sustainable
Development Goals is “Partnerships for the Goals.”41 The con-
cept of partnership is further delineated in the 2021–2030 NTD
Road Map,42 which has as one of its three pillars “holistic,
cross-cutting approaches including integration across NTDs,
mainstreaming in national health systems, coordinating with
adjacent sectors and strengthening country capacity and
global support.” While serosurvey data will not necessarily
overcome the delays to program implementation imposed by
the COVID-19 pandemic,43–45 early adoption of integrated
approaches will have long-term benefits for a variety of dis-
ease programs by establishing strong partnership to achieve
sustainable development goals.
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