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Background. Ebola virus disease (EVD) is a severe viral illness caused by Ebola virus (EBOV). The 2013–2016 EVD outbreak in
West Africa is the largest recorded, with >11 000 deaths. Development of the ReEBOVAntigen Rapid Test (ReEBOV RDT) was
expedited to provide a point-of-care test for suspected EVD cases.

Methods. Recombinant EBOV viral protein 40 antigen was used to derive polyclonal antibodies for RDT and enzyme-linked
immunosorbent assay development. ReEBOV RDT limits of detection (LOD), specificity, and interference were analytically validated
on the basis of Food and Drug Administration (FDA) guidance.

Results. The ReEBOV RDT specificity estimate was 95% for donor serum panels and 97% for donor whole-blood specimens.
The RDT demonstrated sensitivity to 3 species of Ebolavirus (Zaire ebolavirus, Sudan ebolavirus, and Bundibugyo ebolavirus) asso-
ciated with human disease, with no cross-reactivity by pathogens associated with non-EBOV febrile illness, including malaria par-
asites. Interference testing exhibited no reactivity by medications in common use. The LOD for antigen was 4.7 ng/test in serum and
9.4 ng/test in whole blood. Quantitative reverse transcription–polymerase chain reaction testing of nonhuman primate samples de-
termined the range to be equivalent to 3.0 × 105–9.0 × 108 genomes/mL.

Conclusions. The analytical validation presented here contributed to the ReEBOV RDT being the first antigen-based assay to
receive FDA and World Health Organization emergency use authorization for this EVD outbreak, in February 2015.
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Ebola virus (EBOV; family Filoviridae) is one of the most lethal
human pathogens known and is the causative agent of Ebola
virus disease (EVD), which can be fatal in >50% cases. Filovi-
ruses are enveloped, nonsegmented, negative-stranded RNA
viruses. The RNA genome encodes 7 proteins, including nucle-
oprotein (NP), viral protein (VP) 24, VP30, VP35, VP40, glyco-
protein (GP), and an RNA-dependent RNA polymerase (L) [1].
VP40 matrix protein is a peripheral membrane protein that is
highly expressed in infected cells and free virions and mediates
budding and viral particle release. EBOV now has a wide geo-
graphic distribution across sub-Saharan Africa. Updated risk
mapping of environmental suitability for an EVD outbreak in

West Africa suggests that 22.2 million people live in areas suit-
able for zoonotic transmission of EBOV [2].

Human exposure to EBOV from its animal reservoir, possibly
fruit bats, or human exposure via intermediate vectors, such as
nonhuman primates is a rare event. Following the initial ani-
mal-to-human transmission event, EBOV has demonstrated
considerable capability for human-to-human transmission [3,
4]. EVD clinical manifestations can easily be confused with
those of other endemic febrile illnesses, including malaria, ty-
phoid fever, and Lassa fever, where misdiagnosis can lead to
fatal consequences [5–8]. Advanced disease can result in spon-
taneous abortion, delirium, coma, or hemorrhage [8].Hallmark
features of VHF include many difficult-to-manage pathologies,
including coagulation disorders, thrombocytopenia, vascular
permeability, and hemorrhage, all of which can contribute to
multiple organ failure and shock that can be fatal in >50% of
cases [9, 10]. The rapid onset and progression of disease, cou-
pled with a challenging diagnostic arena, highlight the critical
need for rapid and accurate diagnostics for more-effective pa-
tient management.

Corgenix (Broomfield, Colorado) and its Viral Hemorrhagic
Fever Consortium partners worked with the Food and Drug
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Administration (FDA) andWorld Health Organization (WHO)
to expedite the validation of the ReEBOV Antigen Rapid Test
(ReEBOV RDT; Corgenix, Broomfield, Colorado) to provide a
point-of-care EVD screening. Through a collaborative effort
with the FDA, the Draft Interactive Emergency Use Authoriza-
tion (EUA) Review Template For Serological Assays–Antigen
was issued in October 2014. During the same period, the
WHO issued a separate guidance for point-of-care immunoas-
says (RDTs) [11]. Included in the FDA EUA Review Template
were analytical performance guidelines, including limit of de-
tection (LOD), specificity, interfering substance, and repeatabil-
ity using contrived samples. Extensive specificity testing with
nearest neighbor and cross-reactive pathogens in biosafety
level 3 (BSL-3) and BSL-4 laboratories was also conducted.
Herein, we describe the analytical performance of the ReEBOV
RDT.

METHODS

Ebola Critical Reagent Development
To create viral antigen–specific assays, recombinant filovirus
VP40 (rVP40) and NP (rNP) were prepared for antibody pro-
duction and assay development [12–15]. Prior to the 2014
emergence of EVD in Guinea, ReEBOV RDT prototypes were
developed using rVP40 and rNP antigens and respective poly-
clonal and monoclonal antibodies [16]. In June 2014, field test-
ing of rVP40 and rNP enzyme-linked immunosorbent assays
demonstrated strong reactivity of serum from patients with sus-
pected EVD to these recombinant protein and antibody re-
agents, further strengthening confidence in the necessary
cross-reactivity of the antibody reagents with the circulating
strain of EBOV [17]. Ultimately, the decision was made to ex-
pedite RDT development toward detection of EBOV VP40 an-
tigen, owing to reagent availability and promising feasibility
studies.

ReEBOV RDT
The ReEBOV RDT is a diagnostic test that has been developed
using caprine polyclonal antibodies (Autoimmune Technolo-
gies, New Orleans, LA) specific for EBOV rVP40 antigen
(Zalgen Labs, Germantown, Maryland). The immunochroma-
tographic dipstick design incorporates a plasma separator sam-
ple pad to separate plasma from whole blood or to allow the use
of patient plasma or serum. The kit includes a lyophilized neg-
ative control composed of pooled negative human serum and a
positive control composed of pooled negative human serum
spiked with rVP40 antigen. The test is operated by introduction
of 30 µL of whole blood, plasma, or serum onto the center of the
sample pad. Inserting the dipstick into a culture tube containing
4 drops (approximately 200 µL) of sample buffer initiates the
flow of sample and sample buffer. In the presence of EBOV an-
tigen, VP40 specifically is absorbed by the colored nanoparticle
reagent during flow through reagent pads. Capture of antigen-

nanoparticle complexes by the EBOV VP40–specific antibodies
composing the test line results in development of a faint pink to
red signal that corresponds to the titer of EBOV VP40 antigen
in the sample. Nanoparticles that are not complexed with
EBOV VP40 antigen are captured by the control line, indicating
a valid result. Visual interpretation of results is performed after
a 15–25 minute incubation time. After signal development is
complete, signal intensity may be scored with the use of visual
aids included with the kit (Figure 1).

Validation Testing
The Galveston National Laboratory at the University of Texas
Medical Branch (UTMB) was the site of validation studies
where all BSL-4 work with live EBOV, VHF viral agent nearest
neighbor, and nonhuman primate sample testing was performed.
Infectious disease agent cross-reactive testing was performed at
Tulane University (New Orleans, Louisiana). Analytical perfor-
mance using rVP40 antigen was conducted at Corgenix. When-
ever possible, a record of results was made by digital photography
between 15 and 25 minutes after the test was initiated.

Donor Blood Collection
Fresh donor whole blood and serum was collected to evaluate
specificity and contrived sensitivity. Donors completed donor
forms, including Health Insurance Portability and Accountabil-
ity Act acknowledgement, and were assigned random donor
numbers. Serum and whole-blood specimens were collected
into 5-mL tubes (BD) by an experienced phlebotomist. Serum
tubes were incubated at room temperature for 30 minutes, fol-
lowed by centrifugation at 400 g for 10 minutes. Initial testing
was performed on the day of collection. Additional testing was
performed within 48 hours of collection, using samples stored
at 2°C–8°C. Tubes containing whole blood were inverted several
times prior to preparation of spiked sample.

Figure 1. ReEBOV Antigen Rapid Test visual aid. The package insert visual aid
provides the operator with a reproduction of valid positive and negative control re-
sults and a panel of invalid test results to aid in correct interpretation of the rapid
test. A scale of test line signal intensity is also provided, to help guide results
interpretation.
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Range of Detection and LOD
The ReEBOV RDT assay range and LOD were determined for
both rVP40 antigen and live Zaire EBOV (ZEBOV). The range
of the ReEBOV RDT was determined in preliminary LOD test-
ing. For rVP40 antigen, testing was conducted by serial dilution
of rVP40 into negative human serum in a concentration range
of 40.0 to 10 000 ng/mL. For live Zaire EBOV, testing was con-
ducted by serial dilution of Zaire EBOV (Makona) in donor
whole blood at a concentration range of 1.0 × 104 to 1.0 × 107

plaque-forming units (PFU)/mL. Each dilution level was tested
with 5 replicates. Test strips were incubated a minimum of 15
minutes before visual scoring. The preliminary LOD was con-
sidered the lowest dilution in which all 5 test strips were positive
by visual interpretation. Verification of the preliminary LOD
was performed by testing 20 replicates of diluted rVP40 or
Zaire EBOV at and near the preliminary LOD dilution levels.

Repeatability
Thirteen volunteers donated venous whole blood collected in
ethylenediaminetetraacetic acid (EDTA)–lined vacutainers
(BD Medicine). Randomized whole-blood samples were spiked
with rVP40 antigen at a LOD of 9.4 ng/test and a 2-fold increas-
es series up to 600 ng/test. Extra samples were spiked with
rVP40 at the LOD and 2 times the LOD. A total of 75 replicates
of unspiked whole blood were tested for assay specificity. All
samples were blinded and tested according to instructions in
the package insert. After incubation for 15 minutes, each dip-
stick was evaluated by 3 technicians. Scores were tabulated
based on agreement of 3 technicians.

Interfering Substances
Interfering substances screening was conducted in accordance
with Clinical Laboratory Standards Institute approved guideline
EP7-A2 [18]. The rVP40 antigen was diluted in normal control
serum at a concentration near the LOD of 0.2 µg/mL (6.0 ng/
test). Substances and their concentrations to be tested were
found in EP7-A2, appendix C or D [18]. For substances not list-
ed, the equivalent of a 20X stock for the normal adult dose di-
luted in 5 L (blood volume) was prepared. Prior to testing, the
20X substance stock was diluted in an aliquot of the rVP40 sam-
ple and normal control serum without antigen. Each substance
and solvent control was tested in 5 replicates. Additional levels
of select substances were also requested by the FDA. A sub-
stance was considered noninterfering if the antigen-spiked me-
dian score did not differ from that of the solvent control or if it
did not generate a false-positive signal in normal control serum.

Specificity and Sensitivity
To evaluate the specificity of the ReEBOV RDT, normal US
serum panels developed from commercial donor serum were
used (Plasma Services Group, Huntingdon Valley, Pennsylvania).
A total of 4 panels representing 138 individual serum donors
were tested. Each sample was tested according to its package
insert and scored individually.

During fresh donor blood collection, 20 healthy US volun-
teers consented to finger-stick screening. Each volunteer pro-
vided duplicate finger sticks. One full drop (approximately 30
µL) was allowed to develop on the finger and then was trans-
ferred directly to the plasma separation sample pad by touching
the dipstick directly to the blood drop. This was repeated to col-
lect a second sample from each volunteer. Dipsticks were imme-
diately inserted into test tubes containing sample buffer to
initiate development of ReEBOV RDT. After incubation for
15 minutes, results were scored blinded by a second technician.

Thirteen donor whole-blood samples were collected in
EDTA-lined vacutainers for ReEBOV RDT specificity and con-
trived sensitivity testing in a blinded, randomized design. Six
replicates per whole-blood sample were evaluated independent-
ly by 3 technicians, yielding 234 observations for the specificity
determination. Randomized whole-blood samples were spiked
with rVP40 antigen at the whole-blood LOD of 9.4 ng/test
and at 2-fold serial dilutions up to 600 ng/test. A minimum of
6 random spiked samples at each level were evaluated by 3 tech-
nicians, for a minimum of 18 observations per level. Extra sam-
ples were spiked with rVP40 at (117 observations) and 2-fold
above (90 observations) the whole-blood LOD to verify the re-
producibility of the previously described analytical LOD. A
total of 303 observations were made with spiked whole-blood
samples. All samples were blinded and tested according to guid-
ance in the package insert. After incubation for 15 minutes, each
dipstick was evaluated independently by 3 technicians.

Sixteen donor serum samples were collected for ReEBOV
RDT specificity and contrived sensitivity testing in a blinded,
randomized design. Six replicates per serum sample were tested
and evaluated independently by 3 technicians, yielding 249 ob-
servations for the specificity determination. Randomized serum
samples were spiked with rVP40 antigen at the serum LOD of
4.7 ng/test and at 2-fold increases up to 300 ng/test. A mini-
mum of 5 random spiked samples at each level were evaluated
by 3 technicians, for a minimum of 16 observations per level.
Extra samples were spiked with rVP40 at (123 observations)
and 2-fold above (99 observations) the serum LOD, to verify
the reproducibility of the previously described analytical
serum LOD. A total of 323 observations were made with spiked
whole-blood samples. All samples were blinded and tested ac-
cording to instructions in the package insert. After incubation
for 15 minutes, each dipstick was evaluated independently by 3
technicians.

Cross-reactant and Nearest-Neighbor Screening
Nearest-neighbor and cross-reactant screening was conducted at
multiple sites, depending on the required BSL for the agents
(virus, bacteria, or parasite) tested. Testing was performed in a
similar manner as in Interfering Substance section previously de-
scribed. Normal control serum (ie, human serum) with or without
rVP40 antigen diluted to 0.2 µg/mL (6.0 ng/test) was distributed
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or prepared on-site. BSL-4 viruses were tested at UTMB, BSL-3
vaccine virus strains were tested at the Centers for Disease Control
and Prevention (Fort Collins), and remaining BSL-2 and BSL-3
pathogens were tested at the Tulane Health Science Center and
the Tulane National Primate Research Center. The concentrations
of pathogens tested fluctuated owing to available stocks. Every
attempt was made to maintain a dilution factor of ≤5% of the
antigen-spiked negative human serum or no-antigen controls to
retain serum matrix integrity. All pathogens were tested in tripli-
cate. Pathogens were considered non–cross-reactive if they did not
produce false-positive or false-negative signals.

In cases of cross-reactive filovirus species, genomic equiva-
lents of virus seed stocks used for analysis were determined
by real-time quantitative polymerase chain reaction (qPCR).
RNA was isolated from viral stocks by means of the Viral
RNA mini-kit (Qiagen), using 100 µL of viral supernatant in
600 µL of buffer AVL containing 1% carrier RNA, per the man-
ufacturer’s instructions. The following primers/probe targeting
the VP30 gene of ZEBOV-Makona and ZEBOV-Mayinga, the
VP35-intergenic region of EBOV-Bundibugyo, and the L gene
of EBOV-Sudan (Gulu) were used for real-time qPCR: for
ZEBOV-Makona and ZEBOV-Mayinga, 6-carboxyfluorescein
(6FAM)-5′ AGGCTTCCCTCGCTGCCGTTATG 3′-6 carboxyte-
tramethylrhodamine (TAMRA); for EBOV-Bundibugyo, 6FAM-
CGCAACCTCCACAGTCGCCT-TAMRA; for EBOV-Sudan
(Gulu), 6FAM-CATCCAATCAAAGACATTGCGA-TAMRA;
and for Marburg virus–Musoke, 6FAM-CGCGGCATTTCA-
TAMRA (Life Technologies). Viral RNA was detected using
the CFX96 detection system (BioRad Laboratories, Hercules,
California) in One-Step probe real-time qPCR kits (Qiagen)
with the following cycle conditions: for ZEBOV and EBOV-
Bundibugyo, 50°C for 10 minutes, 95°C for 10 seconds, and 40
cycles of 95°C for 10 seconds and 57°C for 30 seconds; and for
EBOV-Sudan (Gulu), 50°C for 10 minutes, 95°C for 10 seconds,
and 40 cycles of 95°C for 10 seconds and 59°C for 30 seconds.
Cycle thresholds representing viral genomes were analyzed with
CFX Manager Software, and data are shown as genome equiva-
lents (GEq) per milliliter. To create the GEq standard, RNA
from viral stocks was extracted, and the number of strain-specific
genomes was calculated using Avogadro’s number and the molec-
ular weight of each viral genome.

Nonhuman Primate Sampling
Animal studies were completed under BSL-4 biocontainment at
the Galveston National Laboratory and were approved by the
UTMB Institutional Laboratory Animal Care and Use Commit-
tee (IACUC) in accordance with state and federal statutes and
regulations relating to experiments involving animals and with
the Institutional Biosafety Committee. To assess feasibility of
using the ReEBOV RDT to detect viral antigen in whole
blood and plasma, biological samples were collected on days 4
and 6 after infection from ongoing pathogenesis studies

involving serial necropsy over the course of disease (Geisbert
et al, unpublished data). These experiments involved 4 healthy
adult cynomolgus macaques (Macaca fascicularis) that were in-
oculated intramuscularly with 1000 PFU of EBOV strain Mako-
na. All animals received physical examinations, and blood
specimens were collected just prior to the time of challenge
and on days 4 and 6 after challenge. Additionally, all animals
were monitored daily and scored for disease progression,
using scoring criteria approved by the UTMB IACUC. Criteria
included posture/activity level, attitude/behavior, respiration,
and hallmark filovirus disease features, including visible pete-
chial rash, ecchymosis, and/or hemorrhage. Scores of ≥9 indi-
cated that euthanasia criteria had been met. GEq per milliliter of
each biological sample were determined as published elsewhere
[19]. Plasma was processed from whole-blood samples, and
both plasma and whole blood were tested without inactivation,
using the ReEBOV RDT. Each sample was tested once and
scored using the visual aid included with package insert.

Statistical Analysis
Data were analyzed using SAS, version 11.0 (SAS Institute), and
GraphPad Prism, version 6.04 (GraphPad Software). Hypothe-
ses involving dichotomous response variables were tested using
the Student t test, the Fisher exact test, or logistic regression with
receiver operating characteristics. Binomial proportion compar-
isons were used to establish significance across contingency
estimates. Analyses were 2 tailed, with a significance threshold
set at a P value of < .05. Confidence intervals (95%) [20].

RESULTS

LOD
The preliminary LOD for rVP40 spiked into human serum was
equal to 160.0 ng/mL (4.7 ng/test). Verification of the spiked
rVP40 LOD was conducted at 2.4 ng/mL and 4.7 ng/mL. At
4.7 ng/mL, 100% of the 20 replicates were positive and repre-
sented the LOD. LOD verification was repeated with rVP40
spiked into donor whole blood. The LOD concentrate was 2-
fold higher at 9.4 ng/test (Table 1). The preliminary LOD for
ZEBOV in whole blood was 1 × 106 PFU/mL. Verification of
EBOV LOD in whole blood was confirmed by 100% positivity
of the replicates (Table 2).

Repeatability
All 3 ReEBOV RDT evaluators agreed on unspiked sample scor-
ing in 92% of cases (69 of 75), and 2 of 3 agreed in 100% of cases
(75 of 75). For rNP-spiked samples, 2 of 3 evaluators agreed on
58% of occasions (21 of 36) for 9.4 ng/mL, which would corre-
spond with the qualitative assay cutoff. At 18.8 ng/mL, all 3
evaluators agreed in 100% of cases (36 of 36), which would cor-
respond with the LOD (Supplementary Table 1).

Interfering Substances
For the biologic substances, only hemoglobin and rheumatoid
factor generated false results (Supplementary Table 2).
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Hemoglobin failed because of the interference with positive sig-
nal development from heavy background staining of the nitro-
cellulose membrane. Rheumatoid factor also failed because of
false-positive signal above 39 IU/mL spiking concentration. Bi-
lirubin also stained the nitrocellulose membrane yellow, but this
did not interfere with negative or positive signal development.
None of the drugs in common use interfered with positive or
negative signal development or interpretation.

Mock Specificity and Sensitivity
Specificity of serum samples was evaluated using US normal
serum panels developed from commercial donor serum. Four
panels representing 138 individual serum donors were tested.
Each sample was tested individually. A second technician scored
the results independently (Supplementary Panel 1). The specif-
icity of US donor panels was 94.9% (131 of 138; 95% CI, 89.8%–

97.9%). Duplicate samples were collected by finger stick from 20
volunteers prior to attempting venous blood collection for
mock clinical studies. The samples obtained by finger stick
were blinded and evaluated by a single operator (Supplementary

Table 2. Limit of Detection (LOD) of Zaire Ebola Virus (ZEBOV) in Whole-
Blood Specimens

ZEBOV Level

Replicates, Proportiona ResultPFU/mL PFU/test

Preliminary

1 × 107 3 × 105 5/5 Positive

2 × 106 6 × 104 5/5 Positive

1 × 106 3 × 104 5/5 LOD

4 × 105 1.2 × 104 3/5 Negative

1 × 105 3 × 103 0/5 Negative

8 × 104 2.4 × 103 0/5 Negative

1 × 104 300 0/5 Negative

Confirmation

2 × 106 6 × 104 20/20 Positive

1 × 106 3 × 104 20/20 LOD

Positive control . . . 2/2 Positive

Negative control . . . 0/2 Negative

Abbreviation: PFU, plaque-forming units.
a Data are no. of positive whole-blood specimens/no. tested.

Table 1. Limit of Detection (LOD) of Spiked Filovirus Recombinant Viral
Protein 40 (VP40) Antigen in Serum and Whole-Blood Specimens

VP40 Antigen Level

Replicates, Proportiona Resultng/mL ng/Test

Preliminary

10 000 300 5/5 Positive

5000 150 5/5 Positive

2500 75.0 5/5 Positive

1250 37.5 5/5 Positive

625 18.8 5/5 Positive

312 9.4 5/5 Positive

160 4.7 5/5 LOD

80 2.3 3/5 Negative

40 1.2 0/5 Negative

Serum confirmation

160 4.7 20/20 LOD

80 2.3 18/20 . . .

Whole-blood confirmation

312 9.4 18/20 LOD

160 4.7 13/20 . . .

Blank control 0/5 Negative

a Data are no. of positive whole-blood specimens/no. tested.

Table 3. Summary of Clinical Performance Specificity and Sensitivity

Characteristic, Specimen Negative Positive

Negative Agreement

Samples, Proportion Percentage (95% CI)

Specificity

Normal serum panels 131 7 131/138 94.9 (89.8–97.9)

Finger stick 39 1 39/40 97.5 (86.8–99.9)

Whole-blood replicates 226 8 226/234 96.6 (93.4–98.5)

Serum replicates 200 49 200/249 80.3 (93.4–98.5)

Positive Agreement

Samples, Proportion Percentage (95% CI)

Spiked sensitivity, ng/test

Whole blood

9.4 46 71 71/117 60.7 (51.2–69.6)

18.8 2 90 90/92 97.8 (92.2–99.7)

Serum

4.7 16 123 107/123 92.9 (79.8–91.9)

9.4 6 93 93/99 93.9 (87.2–97.4)

Abbreviation: CI, confidence interval.
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Panel 2). Thirty-nine of 40 were scored negative, and 1 duplicate
generated a trace signal resulting in 97.5% specificity (95% CI,
86.8%–99.9%). The specificity estimate for donor whole-blood
triplicate observations was 96.6% (226 of 234; 95% CI, 93.4%–

98.5%). The effective LOD when antigen was spiked into whole
blood was 18.8 ng/test. The first level of 9.4 ng/test was only de-
tected in 60.7% of cases (71 of 117; 95% CI, 51.2%–69.6%),
which would satisfy a qualitative assay cutoff (Table 3 and Sup-
plementary Panel 3). The second level of 18.8 ng/test was de-
tected in 97.8% of cases (88 of 90; 95% CI, 92.2%–99.7%) and
would satisfy LOD criteria. The sensitivity estimate at ≥18.8 ng/
mL spiked VP40 in triplicate was 93.0% (173 of 186; 95% CI,
88.3%–96.2%). The specificity estimate for donor serum tripli-
cate observations was 80.3% (200/249; 95% CI, 74.8%–85.1%).
The effective LOD when antigen was spiked into serum was 9.4
ng/test. The first level of 4.7 ng/test was detected in 87.0% of
cases (107 of 123; 95% CI, 79.8%–91.9%), which would satisfy
a qualitative assay cutoff. The second level of 9.4 ng/test was de-
tected in 93.9% of cases (93 of 99; 95% CI, 87.2%–97.4%), which
nearly satisfies the LOD criteria (Table 3 and Supplementary
Panel 4). The sensitivity estimate at ≥9.4 ng/mL spiked VP40
in triplicate was 96.5% (193 of 200; 95% CI, 92.9%–98.6%).

Cross-reactant and Nearest-Neighbor Specificity
None of the cross-reactants tested interfered with positive or
negative signal development or interpretation (Supplementary
Table 3). Paramyxoviridae were detected in 1 of 3 negative
serum specimens, but the finding was recorded as nonreactive
owing to the presence of 5 of 6 correct ReEBOV RDT results.
Only negative human serum was spiked with filoviruses. The
ReEBOV RDT was reactive to both Makona and Mayinga
strains of ZEBOV. The ReEBOV RDT was also cross-reactive
to Sudan and Bundibugyo EBOV species at 1.0 × 103–1.0 × 104

PFU/mL which equated to 2.2 × 109–2.5 × 1010 GEq/mL from
in vitro viral stocks (Table 4). Reston EBOV and Marburg
virus were nonreactive.

Nonhuman Primates
At day 4 after infection, all nonhuman primates exhibited fever
and elevated clinical scores comparable to those during early

stages of human EVD. All day 4 blood and plasma samples
were scored as a 1 on scale of 1–5 for the ReEBOV RDT, and
real-time qPCR determined a range of 3.0 × 105 to 1.0 × 107

EBOV genomes/mL, which equated to 6.5 × 104–5.2 × 105

PFU/mL. By day 6 after infection, nonhuman primates dis-
played clinical signs indicative of more-severe disease, including
hallmark signs of EBOV infection—sustained fever, petechial
rash, and marked changes in blood hematology and chemistry
parameters—analogous to those seen in human disease. Day 6 sam-
ples were all scored as a 5 by the ReEBOV RDT, and real-time
qPCR determined a range of 2.0 × 108 to 9.0 × 108 genomes/mL,
which equated to 6.5 × 108–8.8 × 108 PFU/mL (Table 5).

DISCUSSION

The development of the ReEBOV RDT was expedited to provide
a diagnostic test with a rapid time to result, to aid in EVD case
triage and management. By building on the successful design of
the ReLASVAntigen Rapid Test (Corgenix; unpublished data),
the ReEBOV RDT provides a simple finger-stick test that could
be administered in Ebola treatment unit triage and holding areas
by staff members who have donned appropriate personal protec-
tive equipment. This diagnostic format would alleviate many of
the concerns described by Perkins and Kessel, including delayed
time to results of real-time qPCR and the logistics or biosecurity
concerns in transporting samples, patients, and/or contacts to
those facilities [21].The regions affected by the current EVD out-
break are extremely challenging environments in which to pro-
vide accurate infectious disease diagnosis. Guinea, Liberia, and
Sierra Leone (as well as Nigeria) are areas of endemicity for
Lassa fever but also for more-common febrile illness, such as
malaria, dengue, West Nile virus infection, and chikungunya
[22–24].The ReEBOV RDT successfully demonstrated specificity
for EBOV in nearest-neighbor and cross-reactant tests and fur-
ther demonstrated sensitivity to the EBOV strains known to
cause EVD in humans. Sensitivity to Marburg virus was not ex-
pected, owing to low homology with the EBOVVP40 amino acid
sequence. A variety of drugs in common use, including analge-
sics, antibiotics, antihelmitics, antimalarials, and antivirals,

Table 4. Nearest-Neighbor Filovirus Screening

Filovirus Type, Strain (Isolate) Concentration, PFU/mL Concentration, GEq/mL RDT Score Reactivity

Ebola virus Zaire (Mayinga) 3.3 × 106 2.55 × 1010 +++ Yes

Ebola virus Zaire (Makona) 1.3 × 105 1.78 × 1010 +++++ Yes

Ebola virus Sudan, Gulu (200 011 676) 3.75 × 105 1.63 × 1010 +++ Yes

Ebola virus Sudan, Gulu (200 011 676) 3.75 × 104 1.63 × 109 +++ Yes

Ebola virus Bundibugyo (200 706 291) 1.38 × 104 2.18 × 1010 +++ Yes

Ebola virus Bundibugyo (200 706 291) 1.38 × 103 2.18 × 109 +++ Yes

Ebola virus Reston (AZ-1435) 6.75 × 103 ND −−− None

Marburg virus Musoke 2.2 × 105 ND −−− None

Abbreviations: GEq, genome equivalents; ND, no data; PFU, plaque-forming units; RDT, ReEBOV Antigen Rapid Test.
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including ribavirin, demonstrated no interference with ReEBOV
RDT performance.

The ReEBOV RDT specificity estimate ranged from 80.3%
with replicate serum testing to as high as 97.5% for screening
samples obtained by finger stick. This range in sensitivity has
been independently observed in subsequent clinical studies
[25, 26]. By use of experimental nonhuman primate infections
to correlate disease presentation kinetics with ReEBOV RDT
performance, the detection range of the ReEBOV RDT becomes
clearer. Further, these studies highlight the value of using rele-
vant animal models for the testing of human diagnostic tests
against filoviruses. Large disparities of infectious units to geno-
mic quantities present in repeatedly passaged viral stocks as
compared to live infections may skew the interpretation of the
infectious agent present if assessments of live virus within the
sample are not also made. These data also suggest that genomic
detection may be more sensitive when using in vitro–generated
viral stocks but that this may not necessarily equate to the pres-
ence of similar levels of infectious units within the sample.
Therefore, both values should be determined and presented in
parallel.

The LOD of contrived virus spiked in whole blood was
1.0 × 106 PFU/mL in this study, compared with 5.9 × 104

PFU/mL in independent testing by the WHO. This WHO as-
sessment was determined to be equivalent to 4.2 × 108 RNA
copies/mL [26]. However, we observed that EBOV concentra-
tions of 3.4 × 105 genomes/mL were present in experimentally
infected nonhuman primates prior to the development of hall-
mark signs. In agreement with nonhuman primate testing, sub-
sequent clinical testing demonstrated that the ReEBOV RDTs
range of 1.0 × 105–1.0 × 109 genomes/mL correlated well with
threshold cycle times observed in patients with EVD during
the course of acute EVD [25, 27, 28]. The ReEBOV RDT ana-
lytical validation presented here for FDA and WHO applica-
tions demonstrated the capacity to accurately detect EVD
and provide a rapid, point-of-care test for EVD case triage
and management. Field trials and independent clinical studies
further confirmed its potential clinical effectiveness (Boisen
et al, unpublished data) [25, 26]. The ReEBOV RDT is the
first point of care RDT to receive both FDA and WHO

emergency use status for the ongoing 2013–2016 West African
Ebola outbreak.
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