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Precision of Serologic Testing from Dried Blood Spots Using a Multiplex Bead Assay
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Abstract. Multiplex bead assays (MBAs) for serologic testing have become more prevalent in public health surveys, but
few studies have assessed their test performance. As part of a trachoma study conducted in a rural part of Ethiopia in 2016,
dried blood spots (DBS) were collected from a random sample of 393 children aged 0 to 9 years, with at least two separate
6-mm DBS collected on a filter card. Samples eluted from DBS were processed using an MBA on the Luminex platform for
antibodies against 13 antigens of nine infectious organisms: Chlamydia trachomatis, Vibrio cholera, enterotoxigenic Escher-
ichia coli, Cryptosporidium parvum, Entamoeba histolytica, Camplyobacter jejuni, Salmonella typhimurium Group B, Salmo-
nella enteritidis Group D, and Giardia lamblia. Two separate DBS from each child were processed. The first DBS was run a
single time, with the MBA set to read 100 beads per well. The second DBS was run twice, first at 100 beads per well and then
at 50 beads per well. Results were expressed as the median fluorescence intensity minus background (MFI-BG), and clas-
sified as seropositive or seronegative according to external standards. Agreement between the three runs was high, with
intraclass correlation coefficients of > 0.85 for the two Salmonella antibody responses and > 0.95 for the other 11 antibody
responses. Agreement was also high for the dichotomous seropositivity indicators, with Cohen’s kappa statistics exceeding
0.87 for each antibody assay. These results suggest that serologic testing on the Luminex platform had strong test perfor-
mance characteristics for analyzing antibodies using DBS.

INTRODUCTION

Serologic testing of dried blood spots (DBS) is increasingly
used in resource-limited settings for surveillance of neglected
tropical diseases.' DBS are relatively easy and inexpensive to
collect, store, and transport, making them an attractive bio-
specimen. Seroprevalence studies can provide information
about ongoing transmission of infection through estimation
of seroconversion rates among young children. Testing is
most commonly done with either a multiplex bead assay
(MBA) or an enzyme-linked immunosorbent assay (ELISA).2
The MBA is particularly efficient because it allows simulta-
neous serological testing of exposure to a variety of pathogens
from a single specimen. It also provides robust data by mea-
suring the signal for bound antibody antigen on multiple beads
for each antigen—typically 100 beads are read per antigen per
specimen, and the median fluorescence intensity (MFI) among
allreadings is reported for each antigen. Yet despite the prom-
ise of MBA platforms, little has been published regarding the
precision of these testing methods when measuring seroprev-
alence of antibodies.® In the present study, we assess the pre-
cision of an MBA platform, testing the variability of results
when performing the test on two DBS from the same child,
and when altering the number of beads used to determine
the MFI of the response.

METHODS

Ethics. Ethical approval was obtained from the University of
California, San Francisco; Emory University; the Ethiopian
Ministry of Science and Technology; and the Food, Medicine,
and Health Care Administration and Control Authority of Ethi-
opia. Given the high level of illiteracy in the study area,
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guardians of all participants provided verbal informed con-
sent. CDC staff were determined not to be engaged.

Study design. The present study was embedded in a ran-
domized trial in the WagHemra Zone of Ethiopia, a rural setting
with hyperendemic trachoma.*® DBS collected at the baseline
study visit in January and February 2016 were assessed for
antibodies against a panel of antigens at the Centers for Dis-
ease Control and Prevention (Atlanta, GA) in February and
March 2017. Subsequently, a simple random sample of blood
spots was selected for a repeatability study and processed at
the same laboratory in June 2017.

Sample collection. A random sample of approximately 60
children aged 0 to 9 years per community from each of 40

FiGure 1.
child, a trained worker attempted to fill five consecutive extensions out
of the six total extensions of the filter paper card (TropBio Pty Ltd, Syd-
ney, Australia), with extension 1 filled first, then extension 2, and so on.
This figure appears in color at www.ajtmh.org.

Filter paper used for dried blood spot collection. For each
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TABLE 1

Antigens included in multiplex bead assay

Antigen Organism Cutoff method* Cutoff
pgp3® Chlamydia trachomatis ROCt 1,113
CT694° Chlamydia trachomatis ROCt 337
CcTB® Vibrio cholera
ETEC LTB%t Heat labile toxin-producing enterotoxigenic

Escherichia coli
cp17" Cryptosporidium parvum Standard curve§ 182
Cp23"" Cryptosporidium parvum Standard curve§ 323
LecA'® Entamoeba histolytica Mean +3 SD! 28
p18'3 Camplyobacter jejuni
p39' Camplyobacter jejuni
Sal B¢ Salmonella typhimurium Group B
Sal D¢ Salmonella enteritidis Group D
vVsp3' Giardia lamblia Mean +3 SD! 167
vsp5™ Giardia lamblia Mean +3 SD! 295

*Blank cells indicate that the antibody response was not classified as seropositive or seronegative.

TReceiver operating characteristics (ROC) curve derived from a panel of external standards that were previously classified as positive or negative by MBA, using Youden’s index to determine

threshold.”
$Sigma Chemical Co., St. Louis, MO.

§Threshold defined using a 2-fold serial dilution curve with previously established unit cutoff values.®

|| The third standard deviation above the mean from a sample of 86 volunteers from the CDC who did not travel internationally.

study communities provided DBS as part of the parent trial in
January and February 2016 in the Amhara region of Ethiopia.*
Blood spots were collected by finger-prick by one of eight indi-
viduals drawn from local health facilities who had prior experi-
ence collecting blood samples. The filter paper card (TropBio
Pty Ltd, Sydney, Australia) used for blood collection had six
6-mm extensions, each designed to collect 10 pL of blood
(Figure 1). Each card was allowed to dry at room temperature,
placed into its own individual plastic bag, and packaged with
desiccant. Cards were stored for 11 months in a —20°C freezer
at the Amhara Public Health Institute in Ethiopia, kept at ambi-
ent temperature for 11 days while being shipped to Atlanta in
January 2017, and finally stored in a -80°C freezer
until processed.

Multiplex assay. The Luminex platform was used for multi-
plex antibody testing (Bio-Rad, Hercules, CA). The assay has
been described in detail previously.® For the present study, a
bead set was developed at the CDC consisting of beads cou-
pledto 13 antigens (Table 1). Antigens were selected based on
the aims of the parent study.* Most antigens were tagged with
glutathione S-transferase (GST) fusion proteins and purified
through a glutathione column; beads coated only in GST
were included as a negative control. Beads were added to
each well of a 96-well plate. A single 6-mm spot per card
was eluted in 1,600 pL of phosphate-buffered saline contain-
ing 0.5% casein, 0.3% Tween 20, 0.02% sodium azide,
0.5% polyvinyl alcohol, 0.8% polyvinylpyrrolidone, and 3 pg/
mL Escherichia coli extract (to block binding of anti-E. coli

antibody to beads and lower background levels). DBS eluate
from a single 6-mm spot per card was added to the
beads and incubated. The bound antibody was detected by
adding anti-human immumoglobulin  (Ig)G (Southern
Biotech, Birmingham, AL) and anti-human IgG4 (Southern
Biotech) biotinylated detection antibodies, followed by R-phy-
coerythrin-labeled streptavidin (Invitrogen, Carlsbad, CA).
Plates were read on a BioPlex 200 instrument equipped with
Bio-Plex Manager 6.0 software (BioRad, Hercules, CA), with
the software collecting data on a prespecified, programmable
number of beads per antigen before moving to the next well.
The test output was the MFI minus background (MFI-BG),
with background values derived from beads run with buffer
alone. As per the protocol, any well with a high GST response
(i.e., the negative control) would have been excluded, although
no specimens in this study had a high GST response. The MFI-
BG values were classified as seropositive or seronegative
according to a threshold based on one of three methods
depending on the antigen: 1) receiver operating characteris-
tics (ROC) curves, 2) a standard curve using previously estab-
lished cutoff values, or 3) the third standard deviation above
the mean of samples taken from individuals at very low risk
of infection.”® Methodologies to determine seropositivity
thresholds are summarized in Table 1.

Parameters altered between runs. Three separate runs of
the assay were performed for each child’s filter paper. The lab-
oratory, operator, and apparatus were identical between the
three runs, and the assay methodology was identical except

TABLE 2
Interrun assay parameters

Run A Run B Run C
Sample source* DBS extension 1 DBS extension 2 DBS extension 2
Beads added per well 2,500 2,500 1,250
Beads per antigen read per wellt 100 100 50
Dates of processing Feb-March 2017 June 2017 June 2017

DBS = dried blood spot

*The extension number indicates the order in which blood was applied to the extensions in the field.

1The software can be programmed to collect data on a prespecified number of beads before moving to the next well on the 96-well plate.



824 GWYN AND OTHERS

o o

o w o w o w o o o o

density
o o

S S — N —
A S A A
T TN T
N T
|
e —
S~ S
— T~ S~ T

5
0
1
5
OJL_/\‘_/L
1 p

0

1
5
0l S ST T
1

5

0 — ~— S T
1

5
0_/\_/\\_/\\
0 5 10 O 5 10 0O 5 10

In(MFI-BG+20)

Ficure 2. Distributions of median fluorescence intensity minus
background (MFI-BG) values across runs. MFI-BG values are natural
log-transformed for visual comparability across antigens and are
increased by a constant value of 20 to account for negative MFI-BG val-
ues before natural log-transformation.

for those parameters listed in Table 2 (i.e., which DBS exten-
sion was tested, the number of beads added and read, and
the calendar month the assay was performed).

Statistical analysis. Precision was assessed by comparing
pairs of measurements differing in a single parameter, with two
main pairwise comparisons: A) different blood spot extensions
from the same child (i.e., run A versus run B in Table 2) and 2)
altering the number of beads used to make a result determina-
tion for the same DBS eluent (i.e., run B versus run C in Table
B). Bland-Altman plots were constructed depicting the mean
difference and 95% limits of agreement (LOA) for each pair-
wise comparison. One-way, single-measurement intraclass
correlation coefficients (ICCs) were calculated from linear
mixed models to estimate the variability in pairs of continuous
MFI-BG measurements.® Agreement between seropositivity
values was assessed with Cohen’s kappa statistic. We based
sample size considerations on calculation of a two-sided con-
fidence interval for a correlation coefficient; 393 samples
would provide a 99% confidence interval of 0.05 assuming a
correlation coefficient of 0.90.

RESULTS

DBS from 393 children were run, 392 of which contributed
data for all 13 antigens for all three test runs and are included
in the main analysis. Data from one child was excluded due to
a labeling error; analyses including this child provided nearly
identical results. The distribution of MFI-BG values obtained
during the first run is shown in Figure 2 for each of the 13 anti-
gens included. Bland Altman plots did not reveal marked
evidence of heteroskedasticity (i.e., differences in intertest
variability dependent on the magnitude of the MFI-BG) for
either of the pairwise comparisons of interest (Figure 3). The
mean differences, 95% LOAs, and ICCs are shown in Table
3; ICCs exceeded 0.95 for each pairwise comparison except
for the two Salmonella antigens, which had slightly lower esti-
mates of repeatability when comparing different blood sam-
ples from the same child (i.e., different extensions of the filter
paper card). ICCs for the 50- versus 100-bead comparison
were slightly higher than ICCs comparing measurements
from two blood samples.

Exploratory analyses of the measurement pairs from run A
and run B (i.e., two blood spots from the same child) showed
that the absolute differences in measurement disagreement
correlated well between most antigens (i.e., if a child’s
response to a given antigen was higher in run A than run B
then the response to a different antigen was also likely to be
higher in run A than run B; Supplemental Figure 1). Although
it is not clear why agreement for Sal B and Sal D was lower
than that of the other antigens, the vast majority of disagree-
ments were seen in older children (Supplemental Figure 2).

Test results were classified as seropositive or seronegative
for several antigens based on external standards (Table 1).
Seroprevalence estimates were similar for each of the anti-
gens regardless of testing run (Table 4). Estimates of Cohen’s
kappa were greater than 0.87 for each pairwise comparison.
Similar to the ICCs for the raw MFI-BG results, agreement
was slightly higher for the 50- versus 100-bead comparison
relative to the comparison of two blood samples.
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DISCUSSION

Repeatability refers to the similarity of results from multiple
runs of the same test, when the laboratory, operator, and test-
ing apparatus are the same and the interval between tests is
short. In contrast, reproducibility refers to the situation when
laboratory, operator, and apparatus are all different and the
testing interval is long.'® Each is important because repeat-
ability indicates the minimum variability of the test when per-

Difference In(MFI-BG+20)
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formed under the same conditions, whereas reproducibility
provides information about the generalizability of the test
under different testing conditions. Each assumes the tests
are performed on replicate specimens. However, sample col-
lection technique may also affect the variability of antibody
testing results, and thus it is also important to assess the accu-
racy of an assay when analyzing different specimens from the
same subject. In the present study, we assessed an estimate

0 2 4 6 8 10
Mean In(MFI-BG+20)

Ficure 3.  Bland-Altman plots. Two pairwise comparisons are depicted: (A) eluate 1 vs. eluate 2 (i.e., two blood spots from the same child) and (B) 50
vs. 100 beads per well (i.e., the number of beads used by the assay’s software to calculate the raw median fluorescence intensity minus background
(MFI-BQ@) result. Dashed lines depict the 95% limits of agreement. For visual comparability across antigens the mean and difference values are
depicted as natural log-transformed MFI-BG values, after adding a constant value of 20 to account for negative MFI-BG values before natural log-
transformation. The eluate comparisons exclude four extreme values (1 pgp3, 1 p39, and 2 Sal B); the bead comparisons exclude 1 extreme value

(Cp23). This figure appears in color at www.ajtmh.org.
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TaBLE 3

Precision of dried blood spot serology results from a multiplex bead assay

Eluate 1 vs. Eluate 2
(Run A vs. Run B)

100 beads vs. 50 beads

(Run B vs. Run C)

Antigen Mean difference 95% LOA ICC Mean difference 95% LOA ICC
pgp3 —204.3 (-3,405.3, 2,996.7) 0.990 167.5 (-2,009.9, 2,344.9) 0.995
CT694 —339.8 (-2,896.3, 2,216.6) 0.979 44.0 (-1,043.3, 1,131.2) 0.996
CTB —-124.3 (-1,322.7, 1,074.0) 0.968 20.2 (-445.8, 486.3) 0.995
ETEC LTB —225.2 (-1,613.2, 1,162.8) 0.972 34.1 (-513.8, 582.0) 0.995
Cp17 —643.6 (-4,521.6, 3,234.5) 0.981 320.2 (-2,246.6, 2,886.9) 0.992
Cp23 —690.6 (-4,691.2, 3,309.9) 0.970 324.1 (-1,845.4, 2,493.6) 0.991
LecA —134.1 (-1,124.0, 855.8) 0.977 9.9 (-393.0, 412.8) 0.996
p18 —-177.3 (-1,460.2, 1,105.7) 0.978 9.9 (-526.3, 546.0) 0.996
p39 —434.0 (-3,840.9, 2,973.0) 0.958 220.4 (-1,612.0, 2,052.9) 0.987
Sal B —-101.0 (-1,700.4, 1,498.3) 0.850 40.8 (-584.6, 666.2) 0.967
Sal D —36.8 (-850.0, 776.3) 0.907 9.0 (—242.2, 260.3) 0.988
VSP3 —252.5 (-2,153.2, 1,648.2) 0.981 82.2 (-1,002.4, 1,166.7) 0.994
VSP5 —274.7 (-2,241.5, 1,692.1) 0.983 101.5 (-1,083.1, 1,286.1) 0.994

ICC = intraclass correlation coefficient; LOA = limits of agreement. Values represent pairwise comparisons of raw median fluorescence intensity minus background values from 392 children. Eluate 1
was taken from the first blood spot extension and eluate 2 from the second blood spot extension. The bead comparison (e.g., 50 vs. 100) refers to the number of bead reads per well used by the software

algorithm.

of intermediate precision closer to repeatability because we
kept most laboratory parameters constant. We intentionally
altered two parameters: which blood sample was used for
testing and how many beads were read by the software before
providing aresult. We found that the variability associated with
each of these testing parameters was very low, providing con-
fidence in the accuracy of the Luminex testing platform on
dried blood spots.

Few reproducibility studies of MBAs have been done for the
antigens of interest, although the results of the present study
are consistent with a previous study that found an ICC of
0.997 on a set of 45 DBS from a trachoma-endemic area.’
The finding of high agreement between two samples from
the same child is an important finding to support the validity
of serologic testing for trachoma and gastrointestinal patho-
gens. Although field collections of DBS are done in a standard-
ized fashion according to a protocol, in practice there is vari-
ability between subjects and even between separate
samples from the same subject. It is likely that individual sam-
ples differ in the amount of serum (i.e., the liquid component of
blood devoid of coagulation factors), which could increase
variability in testing. For example, it is possible that samples
collected at a longer time interval following the finger prick
may have more clotting factors than samples collected imme-
diately after the prick. Or children may become uncooperative,
leading to variability in the overall volume of blood collected on
the blood spot. The finding here that two blood spots from the
same child have high agreement for this multiplex serologic

assay provides reassurance that serologic antibody testing
is arepeatable technique in the low- and middle-income coun-
tries where it may have the greatest application.

The 50- versus 100-bead comparison, which had runs per-
formed on the same eluate, had higher agreement than the
comparison of eluates from two blood samples, although it
should be noted that more time had elapsed between the
two runs for this latter comparison. The 50- versus 100-bead
comparison was performed to determine whether a less
data-intensive assay could perform similarly to the routine
assay, with the rationale that the 50-bead run would offer effi-
ciencies to a laboratory in terms of time and reagent require-
ments. Indeed, the beads are the most expensive part of the
MBA, so the finding of high agreement between the 50-bead
and 100-bead assays could mean large cost-savings for lab-
oratories. This might be especially important because a likely
scenario for such a multiplex antibody assay would be in a
large public health survey, after which samples would be proc-
essed in large numbers. As this application is expanded to
more populations, lower limits of bead counts for various anti-
gens should be evaluated for further cost savings.

This study had some limitations. All repeat testing was done
in one laboratory with experienced technicians who helped
develop these specific assays. This makes it difficult to assess
the reproducibility of the assay in other laboratories, especially
in laboratories that may have less experience with the Luminex
platform. Similarly, all samples were collected by an experi-
enced group of field workers in Ethiopia who had specialized

TaBLE 4
Agreement in seroprevalence results

Seroprevalence

Cohen’s kappa (95% Cl)

Run A Run B Run C Eluate 1 vs. Eluate 2 100 beads vs. 50 beads
Antigen N = 392 N = 392 N = 392 (Run A vs. Run B) (Run B vs. Run C)
pgp3 42.6% 42.3% 42.3% 0.995 (0.985 — 1.000) 0.990 (0.975-1.000)
CT694 36.5% 37.0% 37.0% 0.967 (0.941-0.993) 0.989 (0.974-1.000)
Cp17 92.3% 91.8% 92.1% 0.947 (0.887-1.000) 0.983 (0.949-1.000)
Cp23 81.6% 81.9% 81.6% 0.915 (0.863-0.967) 0.957 (0.920-0.994)
LecA 71.7% 71.7% 72.2% 0.899 (0.850-0.947) 0.975 (0.950-0.999)
VSP3 57.4% 57.7% 56.9% 0.917 (0.877-0.957) 0.943 (0.909-0.976)
VSP5 45.4% 45.2% 42.6% 0.871 (0.822-0.920) 0.928 (0.890-0.965)

Cl = confidence interval. Cohen’s kappa shown for pairwise comparisons of 392 children. Eluate 1 was taken from the first blood spot extension and eluate 2 from the second blood spot extension. The
bead comparison (e.g., 50 vs. 100) refers to the number of bead reads per well used by the software algorithm.



MULTIPLEX BEAD ASSAY PRECISION 827

training in collecting blood samples. It is possible that more
novice field workers would have less standardization of tech-
nique (i.e., more variability in the amount of blood obtained on
each of the different DBS extensions), which could lead to
more variability. A limited number of parameters were altered
during the repeated runs of the assay; it is possible that alter-
ing other parameters would lead to more substantial interas-
say variability. It is unclear how generalizable this will be to
antigens from a wider variety of pathogens, and thus similar
validation studies should be done for expanded antigen pan-
els. Finally, the data only provide information about the quality
of the test performance, not the “correctness” of the results or
whether the test is fit-for-purpose.

Multiplex serologic testing on the Luminex platform prom-
ises to be an efficient method for screening populations for a
large number of diseases with a single blood sample. Although
ongoing studies are important to determine the antibody
kinetics surrounding seroconversion and seroreversion,
such studies would be less interpretable if the assay itself
were not repeatable. The high repeatability demonstrated in
the present study lends confidence to the use of multiplex
serologic assays for public health surveys, at least for the anti-
gens included in the present study.
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