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Abstract. Programs to eliminate trachoma as a public health problem use prevalence of the clinical sign trachomatous
inflammation—follicular (TF) in 1- to 9-year-olds in endemic districts to make decisions to begin or end mass drug admin-
istration with azithromycin. Trachomatous inflammation—follicular is used as a proxy for transmission of ocularChlamydia
trachomatis infection. Long-term monitoring of previously endemic districts for recrudescence of ocular C. trachomatis
infection would benefit from a simple blood test that could be integrated with other public health programs. In this study,
we evaluated multiple tests to measure antibodies against the C. trachomatis antigen Pgp3—a multiplex bead assay
(MBA), anELISA, and twoversionsof a lateralflowassay (LFA)—in fourdistricts of theAmhara regionofEthiopiawith varying
levels of TF. Seroprevalence and seroconversion rate (SCR) results were proportional to TF prevalence by district for most
tests, with the notable exception of the LFA using colloidal gold as the developing reagent. Changing the test developing
reagent to black latex improved agreement between serologicalmeasures and TF prevalence and in inter-rater agreement.
Seroconversion rate estimates using data derived from the LFA-gold assay were inconsistent with the shape of the age-
seroprevalence curve, which did not increase in older ages. These data revealed potential complications with using SCR
that will need further evaluation. Data from MBA, ELISA, and LFA with the black test line showed good agreement with
each other and proportionality to TF estimates, providing further data that serology has potential utility for trachoma
surveillance.

INTRODUCTION

Trachoma, the leading infectious cause of blindness, is an
eye disease caused by repeated ocular infectionwith the bac-
teriumChlamydia trachomatis (Ct) and is targeted for elimina-
tionas apublic healthproblem (EPHP).1 TheEPHP isachieved
through several interventions, called the SAFE strategy,
including surgery to correct trichiasis, mass drug administra-
tion of antibiotics, facial cleanliness, and environmental
improvements. The EPHP target of , 5% of children aged 1
to 9 years with trachomatous inflammation—follicular (TF)
allows for low levels of transmission of Ct to occur even after
EPHP has been validated. Tools tomonitor for recrudescence
of infection will be essential upon cessation of interventions
once countries achieve EPHP targets.2

Antibodies against Ct antigens show potential as a surveil-
lance tool in postelimination settings.2–5 Although not diag-
nostic of infection in an individual, the presence of antibodies
indicates exposure to Ct and can show transmission trends in
a community.6 It is still unclear how serological results should
beused todetectpotential recrudescenceof infection.Prelim-
inarymodels suggest that amean seroprevalence of less than
6.2% and a seroconversion rate (SCR) of below 0.015 sero-
conversion events per year in 1- to 9-year-olds correspond
to a TF of less than 5%.7 More data are needed from a variety
of epidemiological settings to understand the relationship
between TF, SCR, and seroprevalence, and to define appro-
priate seropositivity thresholds for programs to maintain
EPHP.2

There are three platforms available to measure antibodies
against the immunodominant Ct antigen Pgp3—multiplex

bead assay (MBA), ELISA, and lateral flow assay (LFA)—that
were developed to be responsive to the needs of national pro-
grams.8–10 As the evidence base to understand the utility of
serology for population-based trachoma surveillance is being
developed through operational research, the antibody tests
havebeen refinedand improved. TheELISA hasbeen recently
modified to a double antigen format to improve assay perfor-
mance, similar to other Pgp3 ELISAs.11 The LFA has under-
gone several iterations, starting out in a cassette for use in
house-to-house surveys,10,12 moving to laboratory-based
“dipstick” format,13 themost recent versionusingablack latex
detector to improve readability.14 Each time a new version is
developed, testing must be performed to ensure results are
consistent between platforms.
In 2017, a survey was conducted in four districts in the

Amhara region of Ethiopia with historically different trachoma
endemicity15; during which dried blood spots (DBS) were col-
lected to characterize antibody responses within populations
experiencing different levels of trachoma transmission.Within
that survey, we nested a substudy to compare the perfor-
mance of the different platforms to measure antibodies
against Pgp3. Here, we compare seroprevalence and SCR
estimates between the MBA, two versions of the LFA (one
using a colloidal gold detecting reagent and one using a black
latex detection reagent) and a newly developed ELISA using a
double antigen format in the four districts. We also evaluate
the performance of the newly developed LFA and ELISA by
assessing inter-rater agreement for the LFA and agreement
between each new assay and the established MBA.

METHODS

Ethics.Thestudyprotocolwasapprovedby theEmoryUni-
versity IRB (protocol 079-2006), the Amhara Regional Health
Bureau and the Federal Ministry of Science and Technology
ofEthiopia.Staff from theCDCdidnothavecontactwith study
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participants or access to identifying information and were
determined to be not engaged in human subjects research.

Study sites.Population-based prevalence impact and sur-
veillance surveys were conducted in four districts (Alefa,
Andabet, Dera, and Woreta Town) in the Amhara region of
Ethiopia as previously described.15 Briefly, a multistage
cluster-random survey was conducted in all four districts. All
individuals aged 1 year and older in the selected households
were invited to participate in the survey. Dried blood spots
from only 1 to 9-year-olds (N 5 2195) were tested by each
assay described below. Of these individuals, 1,055 (48.1%)
were male. The prevalence of TF for each district is illustrated
in Table 2. The prevalence of ocular Ct infection among 1 to 5-
year-olds was 0 in all districts expect for Andabet, where it
was 11.3%.

Dried blood spot collection. Retractable lancets were
used to collect finger prick blood onto filter paper (TropBio
Pty Ltd, Townsville, Queensland, Australia) containing six
blood spots extensions, each holding approximately 10 mL
of blood. Each filter paper was labeled with a barcode,
scanned into the survey software, air-dried for at least 2 hours,
and then placed into a sealable plastic bag. Filter papers were
stored in coolers in the field, then stored at 220�C at the
Amhara Public Health Institute until they were shipped to
CDC in the United States at ambient temperature.15 All sero-
logic testing was performed at CDC.

Multiplex bead assay. Sera eluted from DBS were tested
by MBA for antibodies to the antigen Pgp3 as reported in the
parent study by Nash et al.15 The cutoff median fluorescence
intensity minus background (MFI-bg) for positivity was 1,558.

Double antigen ELISA. Immulon 2HB plates (Thermo
Fisher Scientific, Waltham, MA) were coated with 50 mL of
300 ng/mL of Pgp3 antigen in NaCO3 pH 9.6 overnight at
4�C. The next day, wells were washed four times with PBST
(0.3%Tween20 inphosphate-bufferedsaline [PBS]) and incu-
bated for 30 minutes with 100 mL of StabilCoatVR (SurModics,
Eden Prairie, MN). Buffer was decanted from wells and plates
were dried in a vacuum oven at 30–40�C for 4 hours. Dried
plates were stored in foil packages with a 1 g sachet of desic-
cant at 4�C until use. Each dried blood spot extension was
eluted overnight at 4�C in 250 mL PBST containing 5% milk
powder (PBST-milk) for a final serum dilution of 1:50. Diluted
sample (50 mL) was added to each well of the Pgp3-coated
ELISA plate and incubated for 2 hours. Wells were washed
four times with 200 mL of PBST. Pgp3-HRP (Expedeon, San
Diego, CA) was diluted 1:5,000 in PBST and 50 mL was added
to each well to detect any bound anti-Pgp3 immunoglobulin.
After a 1 hour incubation, plates were washed four times in
200 mL of PBST. 3,39,5,59-Tetramethylbenzidine (TMB) was
added (50 mL/well) and incubated for 10 minutes. To stop
the reaction, 50 mL 1M H2SO4 was added per well. The plates
were read immediately at 450 nm on amicroplate reader (Bio-
Tek, Winooski, VT). A set of standards (1,000U, 500U, 200U,
and 50U) alongwith negative human serum (NHS) and a blank
(PBST-milk) were run on each plate. The absorbance value of
the blank well was subtracted from the absorbance value of
each samplewell (A-blank). The A-blank value of each sample
wasnormalized to the500Ustandard (NormA-blank). Thecut-
off of positivitywas aNormA-blank of 0.095 as determined by
receiveroperatingcurve (ROC)analysiswithapanel of 74non-
endemic negatives and77 samples previously testing positive
by MBA.

Lateral flow dipstick assays. Dried blood spots were
tested by a lateral flow dipstick assay with a colloidal gold
detecting reagent conjugated to Pgp3 (LFA-gold; Abcam,
Cambridge, United Kingdom) and a black latex detecting
reagent conjugated to Pgp3 (LFA-latex; Abcam) as
described.10,14 All samples tested on LFA-latex and samples
from Alefa tested on LFA-gold were read by two readers to
assess inter-rater agreement.

Statistical analysis.Seroconversion rates were calculated
usingageneralized linearmodelwithacomplementary log-log
link and robust standard errors. Themodel assumed constant
force of infection and no seroreversion. The analyses were
performed in R statistical program (https://www.r-project.
org/) as described15 and were confirmed on multiple runs.
Inter-rater agreement for LFA testing and agreement between
tests were quantified by kappa in GraphPad Prism (Graphpad
Software, San Diego, CA).

RESULTS

Antibody testing and prevalence. Of 2,195 DBS tested
overall, all were tested by MBA, 2,186 were tested by LFA
(gold and latex), and 2,135 were tested by ELISA across the
four survey districts (Table 1). The districts that had a TF prev-
alence. 5% (Andabet andDera) at the time of the survey had
a seroprevalence. 10% for all assays (Table 2). The districts
that had a TFprevalence, 5% (Alefa andWoreta Town) had a
seroprevalence , 10% for all assays (Table 2). For Alefa, all
assays except for LFA-gold had a seroprevalence , 5%. TF
data and antibody prevalence by each test is illustrated in
Table 2.
Few specimens (five or fewer) from districts with TF preva-

lence , 5% (Alefa and Woreta Town) had high-intensity
responses by MBA or ELISA, whereas the majority of the
antibody-positive specimens from districts with TF preva-
lence. 5% (Andabet and Dera) had MFI-bg or absorbances
at the upper range of the assay (Figure 1).

Seroconversion rate estimates. Figure 2 shows the per-
cent antibody positive by year of age and the SCR estimates
for each assay and district. The districts that had a TF preva-
lence. 5% (Andabet andDera) hadSCR. 0.02by all assays.
The districts that had TF prevalence, 5% (Alefa and Woreta
Town) had an SCR, 0.015 by all assays except for LFA-gold.

Performance of LFA and ELISA compared with MBA.
The kappa between readers for samples run by LFA-latex
andLFA-gold is shown for eachdistrict in Table 3. Thepercent
agreement between MBA and LFA-gold was 89.1% (95% CI
87.7–90.3), between MBA and LFA-latex was 96.8% (95%
CI 96.0–97.5), and between MBA and ELISA was 97.4%
(95% CI 96.7–98.0). The kappa between MBA and LFA-gold
was 0.608 (0.564–0.653), between MBA and LFA-latex
was 0.878 (0.850–0.906), and between MBA and ELISA

TABLE 1
The number of tests run on each assay by district

EU MBA LFA (gold and latex) ELISA

Alefa 712 703 660
Andabet 580 580 579
Woreta Town 275 275 270
Dera 628 628 626
Total 2,195 2,186 2,135
EU5 evaluation unit; LFA5 lateral flow assay; MBA5multiplex bead assay.
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was 0.899 (0.873–0.926). Samples with discordant results
between theMBAand other assays fell closer to theMBA cut-
off value for ELISA and LFA-latex (median MFI-bg of 729 and
516, respectively) than LFA-gold (median MFI-bg of 7).

DISCUSSION

Population-based serological surveys can give an indica-
tion of exposure to a pathogen that can be modeled to
estimate transmission in that population. We have been
investigating whether and how antibody testing can provide

information about transmission of ocular Ct in children to
help trachoma programs monitor endemic or previously
endemic populations.
Each test platform has advantages. MBA has good repro-

ducibility (Gwyn, submitted for publication) and can be
multiplexed with other antigens to optimize integrated seros-
urveillance.16 Although this is not technically a gold standard
test for antibodies against Pgp3, the strong performance of
this test17 (Gwyn,submitted forpublication)makes it a suitable
comparator for other tests. The ELISAs against Pgp3 perform
generally well compared with MBA, and the double antigen

TABLE 2
TF and age-adjusted seroprevalence for each assay by district. 95% CI in parenthesis

EU TF (95% CI) MBA (95% CI) LFA-gold (95% CI) LFA-latex (95% CI) ELISA (95% CI)

Alefa 3.2% (1.4–5.7) 1.1% (0.4–6.6) 9.6% (4.8–18.4) 2.5% (0.8–8.9) 1.8% (0.6–8.1)
Andabet 37.0% (31.1–43.3) 37.1% (27.0–48.7) 37.6% (27.3–49.4) 41.6% (31.2–53) 39.8% (29.6–51.2)
Woreta Town 2.7% (1.5–4.5) 5.0% (1.4–19.5) 8.0% (3.0–23.2) 6.3% (2.0–21.1) 6.5% (1.8–21.8)
Dera 14.7% (10.0–20.5) 11.6% (6.1–21.2) 19.0% (11.6–29.8) 13.5% (7.6–23.4) 12.4% (6.7–22.1)

EU5 evaluation unit; LFA5 lateral flow assay; MBA5multiplex bead assay; TF5 trachomatous inflammation—follicular.

FIGURE 1. Intensity of antibody response, represented by median fluorescence intensity with background subtracted (MFI-bg) by year of age for
each evaluation unit. A-blank5 absorbance2 blank; LFA5 lateral flow assay; MBA5 multiplex bead assay. This figure appears in color at www.
ajtmh.org.
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ELISA we use here shows good population-level agreement
with MBA. Both of these tests also provide semi-quantitative
data thatmay be useful for someanalyses of antibody levels18

that the LFA does not provide. But the generally low cost, lack
of instrument requirements, andeaseof trainingandusemake
the LFA an appealing option for postvalidation surveillance
where funding may be scarce or nonexistent.
The current study shows optimization of a rapid lateral flow-

based test (Pgp3-LFA) in response to population-level sero-
logical data that contrasted greatly with other tests for this
sample set. These data—particularly the LFA-gold panel in
Figure2—highlight thesubjectivityof testsusingchromogenic
readouts rated by a person. For this study, the technician
documented if they considered bands to be faint, very faint,
or very very faint on a worksheet during the study. Although
these notations were outside of protocol, they proved helpful
in understanding the issues at hand, as these samples were
routinely negative by other tests and most likely represented
overcalling of positive tests. We posited that this occurred

because running DBS on the LFA can lead to a pink smear.
As a result, the red test line that appears with a colloidal gold
developing reagent often needs to be differentiated from a
light pink background. The test line for strongly positive speci-
mens are easy to differentiate from the background, but for
weakly positive specimens this can become challenging. For
low-prevalence populations, the tendency to overcall tests
as positive may be higher than others, because technicians
may feel the need to look for positive specimens. In support
of this, the differences in LFA-gold results compared with
other tests in this study was most striking in the low-
prevalence settings of Woreta Town and Alefa.
Although changing the LFA to a black test readout line

greatly improved readability as seen by the excellent inter-
rater agreement, there is still a great deal of subjectivity in
using an LFA. Other steps that could be taken to improve
test performance are to have multiple raters confirm the test
classification, to use an automated reader, or to use an exter-
nal control asacomparator. Theprimaryadvantagesof a rapid
LFA is speed and low cost. Because of this, using multiple
raters in a population-based survey for every sample may
not be an appealing option, but encouraging confirmatory
readings for tests with borderline positives may be helpful.
Use of automated readers has the potential to be high
throughput but adds cost and would need to be customized
for the test format. Lateral flow assays run with a defined con-
centration of an external control antibody could provide a
visual threshold for test interpretation; a humanizedmonoclo-
nal antibody against Pgp3 is currently under development.

FIGURE2. Percentantibodypositivebyage.Seroconversion rates (SCR)and95%CI inparenthesisoneachgraph.LFA5 lateralflowassay;MBA5
multiplex bead assay.

TABLE 3
Inter-rater agreement as quantified by kappa for LFA-gold and

LFA-latex by district. 95% CI in parenthesis

EU LFA-gold (95% CI) LFA-latex (95% CI)

Alefa 0.731 (0.599–0.820) 1.00 (1.00–1.00)
Andabet ND 0.986 (0.972–1.00)
Woreta Town ND 0.964 (0.892–1.00)
Dera ND 0.960 (0.927–0.992)
EU5 evaluation unit; LFA5 lateral flow assay; ND5 not done.
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Because a rapid test such as this would require less training
and instrumentation than ELISA or MBA, it may be desired
by countries conducting surveillance. Investigating ways to
standardize the classification of a test line will be critical for
LFA use.
Integrating seroprevalence data by year of age has been

used as a measure of cumulative exposure,19–21 which could
prove especially useful for surveillance for a disease such as
trachoma. Long-term pathology of trachoma requires multi-
ple infections with Ct, perhaps . 100 over a lifetime.22 Cat-
alytic models estimate the rate of seroconversion by using
the relative prevalence of seropositive to seronegative indi-
viduals in a population over a period of time; in this case,
using year of age as a proxy for time.23 Because these mod-
els use year of age as the denominator, seroprevalence in 1-
and 2-year-olds contributes more heavily to the estimated
SCR compared with older children. The data in Figure 2
show how this can lead to SCR values that contradict the
visual “shape” of the age seroprevalence curve. For the
LFA-gold data from Alefa, the age seroprevalence curve is
generally flat (contrast this with the curves from Andabet)
but is elevated on the y axis compared with the other tests
for that district. The resulting SCR derived from the LFA-
gold test in Alefa is therefore much higher than SCR derived
from the other tests. Similar inconsistencies are seen with the
LFA-gold data from Dera.
One limitation of this study and serological studies more

generally is that the lack an external control makes evaluating
antibody tests challenging (a notable exception are tests for
tetanus and other vaccine-preventable diseases for which
international standards exist). Blood from infection-positive
individuals is not the most appropriate control for sensitivity
for a test to measure antibodies, which circulate potentially
months or years after an infection clears. For serology to be
programmatically useful for trachoma, and more generally as
an indicator for ongoing transmission, it will be critical to
have standardized ways to evaluate test performance and
metrics of transmission.
In the absence of such an external control or defined panel

to validate the serology for trachoma surveillance, we have
used epidemiological correlates to evaluate the performance
of tests for Pgp3-specific antibodies. The current study adds
to the existing data by establishing limitations of our LFA-
gold test, describing an improved version of the LFA using a
black detection line, and confirming the strong performance
of the ELISA. Both seroprevalence and SCR estimated using
ELISAs corresponded closely with MBA-derived estimates,
and ELISAs are widely used in laboratories worldwide.
Although the costs for ELISA testing would likely be higher
than for LFA, this test could provide an option for serological
testing in endemic countries should the limitations imposed
by the LFA in terms of subjectivity and instability of SCR esti-
mates prove difficult to overcome.
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