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Abstract
Background

Rapid diagnostic tests (RDT) for cholera are promising tools for detecting cholera in areas
with limited laboratory infrastructure. However, evidence on the characteristics of the many
available RDTs is scarce, and their use has been limited by suboptimal performance. We
evaluated the performance characteristics of three cholera RDTs from Span Diagnostics,
Artron Laboratories, and Standard Diagnostics in a regional laboratory in Haiti.

Methodology/Principal findings

We retrospectively reviewed records from May 2014 to October 2015 of a laboratory-based
surveillance program for Vibrio cholerae at Hopital Saint-Nicolas in Saint-Marc, Haiti. We
compared the results of 511 Crystal VC, 129 Artron and 451 SD Bioline RDTs to bacterial
culture as the gold standard. Of 905 cultures, 477 (52.7%) were positive for V. cholerae O1,
of which 27.7% were serotype Inaba. No cultures grew V. cholerae O139. Sensitivity and
specificity of Crystal VC were 98.6% (95%Cl: 96.5%-99.6%) and 71.1% (95%CI: 64.7%-
76.9%), respectively. Artron demonstrated a sensitivity of 98.6% (95%Cl: 92.7%-100%) and
specificity of 69.1% (95%Cl: 55.2%-80.9%). SD Bioline demonstrated a sensitivity of 81.1%
(95%Cl: 75.6%-85.8%) and specificity of 92.8% (95%ClI: 88.4%-95.9%). Crystal VC and
Artron frequently showed false positive O139 bands, whereas none were seen with SD
Bioline.

Conclusions/Significance

There is significant variation in the performance of different cholera diagnostic RDTs. Artron
and Crystal VC RDTs have high sensitivity and low specificity, while SD Bioline RDT has
low to moderate sensitivity and high specificity when performed by laboratory technicians in
Haiti. Study limitations included its retrospective design. The suboptimal characteristics of
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these tests limit their use as clinical point-of-care tests; however, they may be useful in out-
break response, surveillance, and research in resource-limited settings.

Introduction

Cholera remains a significant cause of morbidity and mortality worldwide, resulting in an esti-
mated 2.8 million cases and 91,000 deaths annually.[1] Epidemics such as that in Haiti have
highlighted the debilitating impact of cholera on underserved regions already lacking the
robust water, sanitation, and healthcare systems required to prevent and control outbreaks.[2]
However, recent years have also brought significant advances in our understanding of the clin-
ical and public health approaches to combat the disease.[3] The mobilization of these cholera
control strategies ultimately depends on the timely and accurate identification of cholera cases.

Prompt identification of cholera cases facilitates rapid outbreak responses in the short term,
while providing reliable surveillance data to guide long-term policies and interventions. To
this end, microbiological stool culture, the current recognized gold standard for the diagnosis
of cholera has significant limitations.[4] Culture to isolate and identify the causative bacterium,
Vibrio cholerae, may take up to 3 days to complete and requires laboratory capacity that is
often absent in underserved settings.[5] Furthermore, the accuracy of culture methods and
their reliability as gold standards are increasingly being called into question due to their subop-
timal sensitivity.[3,5,6] PCR-based technologies, although more accurate than stool culture,
are rarely available in settings most afflicted by cholera.[5]

Rapid diagnostic tests (RDTs) represent promising alternatives for the diagnosis of cholera
in underserved settings.[7] Current cholera RDTs are lateral flow devices that detect the lipo-
polysaccharide of V. cholerae O1 and 0139 via immmunochromatographic assays.[5] They are
fast, affordable, easy to use, and require minimal infrastructure. As such, they are well suited to
meet the demand for cholera diagnosis in areas where culture or PCR based methods are not
feasible. Despite their advantages, there are also significant limitations to current RDTs; evi-
dence to guide their use is limited, and most studies conducted with Crystal VC, the most
widely used RDT, demonstrate suboptimal specificity.[8] For example, previous evaluations of
Crystal VC have demonstrated a sensitivity ranging from 58%-100% and specificity ranging
from 60%-100%.[6—17] In Haiti, this test has been evaluated twice, demonstrating sensitivities
of 95 and 95.6%, and specificities of 79.5% and 80%.[12,18] A recent technical note by the
Global Task Force for Cholera Control of the World Health Organization highlights these lim-
itations in performance and recommends limiting the use of these tests to surveillance pur-
poses, while providing guidance for further development and implementation of RDTs.[7]

To address some of these knowledge gaps, we evaluated the performance characteristics of
three commercially available immunochromatographic RDTs. These included the Crystal VC
Dipstick (Arkray Healthcare Pvt., India; previously Span Diagnostics, Surat, India), SD Bioline
Cholera Ag 01/0139 RDT (Standard Diagnostics Inc., Korea) and Artron Vibrio cholerae O139
and O1 Combo Test (Artron Laboratories Inc., Canada). Information on the different charac-
teristics of the 3 RDTs as reported on the manufacturers’ package insert are found in Table 1.

Materials and methods
Study setting and population

This study was conducted at Hopital Saint Nicolas in Saint Marc, Artibonite, Haiti. Cholera is
now endemic in Haiti after having been introduced in 2010.[19] The study site is a 200-bed
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Table 1. Descriptive characteristics of Crystal VC, Artron and SD Bioline RDTs for cholera.

Test Name Manufacturer Intended Use (per company) Reported Reported
Sensitivity Specificity
Crystal VC Dipstick Arkray Healtchare Pvt., | Rapid visual immunochromatographic test for qualitative and 88—-100% 61-87.3%
India * differential detection of V. cholerae O1 and O139 in stool.

Artron Vibrio cholerae | Artron Laboratories
0139 and O1 Combo Inc., Canada
Test

Rapid, convenient immunochromatographic assay for the qualitative 99% 99%
detection of either Vibrio cholerae O139 or O1 in human fecal
samples or environmental water.

SD Bioline Cholera Ag | Standard Diagnostics | Rapid, qualitative test for the detection of V. cholerae O1 and O139 95.4% 94.1%

0O1/0139 RDT Inc., South Korea

antigens in human fecal specimens.

*At the time study was performed this test was manufactured by Span Diagnostics Ltd., India.

https://doi.org/10.1371/journal.pone.0186710.t001

inpatient referral hospital run by the Ministry of Health (MSPP) with the support of the inter-
national organization, Partners In Health. The hospital runs a cholera treatment center (CTC)
that has actively treated cases of acute watery diarrhea since the onset of the cholera epidemic
in 2010. It recently established an Enteric Diseases Laboratory in 2014 providing diagnostic
capacity for cholera and other diarrheal diseases for the region. The CTC serves a catchment
area of approximately 1 million individuals including the surrounding urban population of
Saint Marg, rice farmers living along the rural banks of the Artibonite River, and individuals
travelling from surrounding areas seeking healthcare.

Study design

This study was a retrospective review of diarrheal disease surveillance records in the Enteric
Diseases Laboratory at the study site in Haiti between May 1%, 2014 and October 15™, 2015.
All specimens that underwent both RDT testing and culture for identification of V. cholerae
and had complete records were included in our data collection and analysis.

Specimen collection and bacterial culture

As part of hospital-based surveillance activities, stool specimens were collected from cases pre-
senting to the CTC meeting criteria for acute watery diarrhea (defined as 3 or more non-
bloody bowel movements in a 24h period, with symptoms lasting less than 7 days). All cases
meeting the definition for acute watery diarrhea (i.e. cholera suspect cases) were provided with
specimen collection cups and instructed how to appropriately collect a sample by health care
providers in the CTC. Specimens were then transferred to the Enteric Diseases Laboratory and
processed by trained laboratory technicians. Specimens underwent rapid diagnostic testing
immediately upon arrival. For bacterial culture, specimens were either processed immediately
upon arrival, or stored in Cary Blair (Becton, Dickinson and Co., Maryland, USA) transport
medium at 2-8C and processed within a week of arrival. Selective thiosulfate citrate bile salts
sucrose agar (TCBS) (Becton, Dickinson and Co., Maryland, USA) plates were inoculated with
either an inoculum from liquid stool or a Cary Blair swab and incubated for 18 to 24 hours at
35° to 37°C. Between May 1%, 2014 and May 22", 2015, specimens were plated directly onto
TCBS without prior enrichment in alkaline peptone water (APW). APW became available at
the study site on May 22, 2015; to improve their yield, all cultures following that date were
enriched in APW for 6 hours prior to plating on TCBS.[20] Candidate colonies following over-
night growth were sub-cultured on heart infusion agar (HIA) (Becton, Dickinson and Co.,
Maryland, USA), a non-inhibitory medium. The HIA plate was then incubated at 35° to 37°C
for up to 24 hours. Overnight growth from HIA plates were examined by Gram staining. Iso-
lates from HIA underwent biochemical testing via the string and oxidase tests, and definitive
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identification via serologic slide agglutination with polyvalent O1 (Becton, Dickinson and Co.,
Maryland, USA) and 0139 (Denka Seiken Co Ltd., Tokyo, Japan) antiserum and if positive for
O1, monovalent Ogawa (Becton, Dickinson and Co., Maryland, USA) and Inaba (Becton,
Dickinson and Co., Maryland, USA) antisera.

Rapid diagnostic testing

RDTs were performed immediately upon specimen arrival to the laboratory. Three different
RDTs were performed, depending on availability, such that some specimens underwent testing
with one, two, three, or none of the RDTs. Test availability varied throughout the study period.
Tests were performed following the manufacturer’s instructions for each assay. In brief, for
Crystal VC RDT, two drops of liquid stool sample were dispensed into a sample processing
vial with extraction buffer. The sample and buffer were mixed by shaking. Four drops of the
processed sample with buffer mixture were dispensed into a test tube, and the RDT dipstick
was vertically inserted into the test tube and allowed to sit for 15-20 minutes. For the Artron
RDT, 6 drops of liquid stool sample were dispensed into a sample processing vial with extrac-
tion buffer and mixed. The test cassette was placed on a flat surface, and 3 drops of the speci-
men mixture were dispensed directly onto the sample well of the test cassette. Results were
interpreted within 15 minutes. For the SD Bioline RDT, an assay diluent was transferred to a
sample collection tube. A sample collection swab was inserted into the stool specimen, and
then transferred into the diluent containing sample collection tube. The swab was vigorously
rotated to mix the specimen with the solution. A dropping cap was then placed on the sample
collection tube, and then used to dispense 4 drops into the sample well of the cassette. All three
tests had a control band, and two bands specific for V. cholerae O1 and O139. Absence of a
pink or red band at the control region indicated an invalid result. Presence of a pink or red
band at the control region with the presence of a band at the O1 and O139 region indicated
positivity for O1 and O139, respectively.

Data management and statistical analysis

Bacteriological culture was used as the reference standard for comparison. Sensitivity, specific-
ity, positive and negative predictive values for all three RDTs were calculated. Uncertainty was
quantified by 95% confidence intervals using the exact method. We used Fisher’s exact test to
compare the sensitivity and specificity of the RDTs depending on whether cultures were per-
formed with or without APW enrichment. Performance characteristics for each RDT were
evaluated separately; head-to-head comparisons were not performed. Calculations were done
using STATA Version 14 (StataCorp, LP, College Station, TX, USA).

Ethics statement

Study protocols were submitted and exempted from IRB review by the Harvard Medical
School IRB Committee and the IRB Committee of Zanmi Lasante.

Results

Between the period of May 1%, 2014 and October 15™, 2015, 910 specimens from patients pre-
senting for acute watery diarrhea at the study site underwent testing for V. cholerae. (Fig 1) Of
the 910 documented specimens, 905 had a documented result for bacterial culture and were
included in the analysis. 3 specimens had no documented bacterial culture performed and 2
had incompletely documented results and so were excluded from the analysis. (Fig 1) 455 bac-
terial cultures were performed with APW enrichment and 450 without APW. Of all cultures
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| 910 specimens listed in laboratory registers |

S specimens excluded from analysis
> 3 specimens with no bacterial culture performed
2 with incompletely documented results

v

905 specimens included in
general analysis

Specimens included in RDT
performance analysis

595 Crystal VC with gold standard
511 included in analysis
84 excluded from analysis because
results were incompletely documented

129 Artron with gold standard
129 included in analysis

568 SD Bioline with gold standard
451 included in analysis
117 excluded from analysis because
tests were used past expiration date

Fig 1. Profile of study specimens.

https://doi.org/10.1371/journal.pone.0186710.g001

performed, 477 (52.7%) were positive for V. cholerae O1, of which 345 (72.3%) were serotype
Ogawa and 132 (27.7%) were serotype Inaba. 428 (47.3%) samples were negative for V. cho-
lerae O1 or O139. Of these 428 negative specimens, 41 were isolated on TCBS, grew on HIA
and were string test and oxidase test positive, but were negative on serologic testing with anti-
sera for V. cholerae O1 and O139. No samples were culture positive for V. cholerae O139. For a
breakdown of the number of cultures and RDTs performed with or without APW enrichment,
see S1 Table. 596 Crystal VC RDT's were performed; 511 were included in the analysis, and 84
were excluded because results were incompletely documented.129 Artron RDTs were per-
formed and included in the analysis. 568 SD Bioline RDTs were performed; 451 were included
in the analysis, and 117 were excluded because these tests were performed past their expiration
date. (Fig 1) RDT test results for the detection of V. cholerae O1 and O139 are listed in Table 2.
349 of the 511 Crystal VC RDTs and 428 fo the 451 SD Bioline RDTs, and 9 of the 129 Artron
RDTSs were compared to bacterial cultures that did not go APW enrichment. (S1 Table) For a
list of the number of specimens tested by different combinations of RDTs see S2 Table.

The sensitivity and specificity for the detection of V. cholerae O1 of the 3 RDTs evaluated in
this study, without consideration of 0139 positive RDT results, were as follows. The sensitivity
and specificity of Crystal VC was 98.6% and 71.1%, respectively. Similarly, Artron RDT dem-
onstrated a sensitivity of 98.6% and specificity of 69.1%. The Sensitivity of SD Bioline was
81.1%, and its specificity was 92.8%. Overall sensitivity, specificity, positive predictive value
and negative predictive value with accompanying 95% confidence intervals for the 3 RDTs
evaluated are shown in Table 3. Comparison of performance characteristics depending on
whether corresponding bacterial cultures were performed with or without prior APW
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Table 2. Results of 3 RDTs for the detection of V. cholerae O1 and 0139.

Crystal VC O1
010139
0139
Negative
Total
Artron O1
010139
0139
Negative
Total
SD Bioline o1
010139
0139
Negative
Total

https://doi.org/10.1371/journal.pone.0186710.t002

Culture
Positive Negative Total

189 29 218
93 36 129
1 25 26
3 135 138
286 225 511

70 11 81

3 6 9

0 3 3

1 35 36
74 55 129
197 15 212

0 0 0

0 0 0
46 193 239
243 208 451

enrichment showed no significant differences except for differences in the sensitivity of SD
Bioline RDT. The sensitivity of SD Bioline was 57.1% (95%CI 28.9%- 82.3%, N = 23) with
APW and 82.5% (95%CI 77.0%—- 87.2%, N = 428) without APW (Two-sided Fisher’s exact test,
P =0.03).

Performance characteristics for the detection of V. cholerae O1 were also calculated assum-
ing that either an O1 or O139 positive band on the RDT was interpreted as a positive result. In
this analysis, the sensitivity of Crystal VC was 99% and the specificity was 60%. The sensitivity
of Artron RDT was 98.6% and the specificity was 63.6%. Sensitivity and specificity for SD Bio-
line RDT remained the same, no positive 0139 bands were documented. Confidence intervals,
positive predictive values and negative predictive values are listed in Table 4. We also calcu-
lated the specificity of Crystal VC, Artron and SD Bioline RDTs for the detection of V. cholerae
0139. Crystal VC and Artron demonstrated a specificity of 69.7% (95%CI 65.4%-73.6%) and
90.7% (95%CI 85.0%-94.9%), respectively. SD Bioline demonstrated a specificity of 100%
(95%CI 98.9%-100%).

Of all the Crystal VC RDTs performed, 129 showed positive bands for O1 and 0139 simul-
taneously. Of these, 93 were positive and 36 were negative for V. cholerae O1 by culture. 26
showed positive bands for O139 only, of which only one was positive for V. cholerae O1 by cul-
ture. Similarly, of all the positive Artron RDTs, 9 showed positive bands for O1 and 0139
simultaneously, of which 3 were positive for V. cholerae O1 by culture. 3 showed a positive
band for 0139 only, of which all were negative for V. cholerae O1 by culture. No positive 0139

Table 3. Performance characteristics of 3 RDTs compared to bacterial culture as the gold standard for the detection of V. cholerae O1.

Crystal VC Artron SD Bioline
95% CI % 95% ClI % 95% CI
Sensitivity 98.6 96.5-99.6 98.6 92.7-100.00 81.1 75.6-85.8
Specificity 71.1 64.7-76.9 69.1 55.2-80.9 92.8 88.4-95.9
Positive Predictive Value 81.3 76.8-85.2 81.1 71.5-88.6 92.9 88.6-96.0
Negative Predictive Value 97.6 93.9-99.3 97.4 86.5-99.9 80.8 75.2-85.6

https://doi.org/10.1371/journal.pone.0186710.t003
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Table 4. Performance characteristics of Crystal VC and Artron RDTs for the detection of V. cholerae
01 when O1 or 0139 bands are considered positive.

Crystal VC Artron
% 95% CI % 95% CI
Sensitivity 99.0 97.0-99.8 98.6 92.7-100.00
Specificity 60.0 53.3-66.5 63.6 49.6-76.2
Positive Predictive Value 75.9 71.2-80.1 78.5 68.8-86.3
Negative Predictive Value 97.8 93.8-99.5 97.2 85.5-99.9

https://doi.org/10.1371/journal.pone.0186710.t004

bands were seen with all 451 SD Bioline RDTs performed either alone or in combination with
a positive O1 bands. These data are summarized in Table 2. Representative photographs of
positive Crystal VC RDT and Artron RDT bands are showed in Fig 2.

Discussion

To our knowledge, this study represents the first published evaluation of Artron and SD Bio-
line RDTs for the diagnosis of infection with V. cholerae O1 compared to bacterial culture as
the gold standard. Our study also adds to the growing evidence on the characteristics and util-
ity of Crystal VC RDT. These results should help guide the future clinical, epidemiological and
research use of these tests as part of global cholera prevention and control efforts.

Crystal vC
- - > B
Contro! Control Contg)]! B
01 — - >
. 0139 —» ~
I i |
() d ﬁg
= *» =
> =) =
e w
Control —» g w Control —» =
SD Bioline Control —» = 0139 —»
01— 01—
- .
E’E gsg
z z
Artron Control —» Control —» &
01 —» &
¢ o
¢

Fig 2. Representative images of positive Crystal VC, Artron and SD Bioline RDTs.
https://doi.org/10.1371/journal.pone.0186710.g002
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The field of cholera diagnostics has lacked an accurate, rapid, affordable, and easy-to-use
test that is optimized for diagnosis in the underserved settings most affected by cholera. Immu-
nochromatographic RDTs, which seem most promising for this purpose, have been limited
with regards to their availability, performance characteristics, and supporting evidence. A sys-
tematic review of diagnostic tests for cholera in 2012 demonstrated a notable absence of evi-
dence to support the use of these rapid tests.[8] This review highlighted 5 RDTs that were
particularly promising, and recommended further implementation and evaluation of these
tests.[8] These tests included the Institut Pasteur (IP) dipstick, a prototype of the IP cholera
dipstick that was commercialized as Crystal VC, the cholera SMART II test and the Cholera/
Bengal Screen co-agglutination test (COAT), both by New Horizons Diagnostics, USA, and
the Medicos dipstick by Advanced Diagnostics Inc., USA. Artron RDT and SD Bioline RDT
were not among the 5 RDTs recommended by this review. Of these five recommended RDT's
only Crystal VC (IP dipstick) and the SMART II test are currently commercialized. The avail-
ability of Artron RD and SD Bioline RDT's are welcome additions to currently available tools
for diagnosing cholera. The sensitivity of Artron RDT in this study (98.6%) was similar to the
sensitivity of Crystal VC measured in this study (98.6%) and others.[10,12-14,18] This test was
recently developed and is now marketed by Artron Laboratories Inc., Canada.[21] It replaced
Crystal VC as the diagnostic test distributed by the Haitian Ministry of Health in 2015. Its high
sensitivity and similar performance characteristics make it an adequate alternative for Crystal
VC. Although there have likely been manufacturer evaluations and small field evaluations,
data regarding performance characteristics of SD Bioline RDT are not available in the pub-
lished literature. In our study, although no direct comparisons were made, its sensitivity of
81.1% was lower than that of Crystal VC and Artron RDTs, and lower than the 95.4% sensitiv-
ity reported by the manufacturer. Its poor sensitivity limits its use as an effective cholera diag-
nostic test given the implications of a false negative diagnosis of a disease with such high
epidemic potential.

Our findings also highlight the poor to modest specificity (71%) that has been a limitation
of the current Crystal VC RDT. In this study, Artron RDT had a similarly low specificity of
69%. Interestingly, SD Bioline RDT had a specificity (93%) that was much higher than Crystal
VC and Artron RDTs. It is possible that unique characteristics of the antibody used in this test
increase its specificity at the expense of sensitivity. Efforts have been made to improve the
specificity of Crystal VC RDT. Most evaluations were performed on an older version of the
test, where the test was performed directly on stool. The dipstick has since been modified by
the manufacturer to include a sample diluent buffer to which stool was added; this version
of the test was used in this study. Our findings that the measured specificity of Crystal VC
remains poor and similar to prior studies suggests that the use of this buffer may not improve
the specificity. Reassuringly, it seems to not have affected the sensitivity of the test. Recent
efforts by research groups have explored modifications of the Crystal VC RDT to address the
low specificity that has been its major limitation. For example, the development of a modified
protocol involving enrichment of stool samples in APW for 6 hours prior to use of the dipstick
has significantly improved the specificity of the test.[22,23] This significantly increases the
time required to perform the test from 20 minutes to over 6 hours, complicating its use in field
settings; however, this is still faster than the two to three days required for bacterial culture,
and its performance characteristics in a recent study were similar to culture, which may make
them a better alternative for surveillance and research.[24] Pre-test enrichment with APW and
other modified methods could also be used with Artron and SD Bioline RDTs.

Overall, the performance characteristics of all three RDTs evaluated in this study do not
meet the expected minimal performance of a sensitivity of at least 90% and a specificity of at
least 85% recommended by the Global Task Force for Cholera Control.[7] The suboptimal
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performance characteristics of Crystal VC, Artron and SD Bioline RDTs have significant
implications for the current use of RDTs as part of cholera control strategies. If used as clinical
point-of-care tests, results of the test would have little impact on immediate clinical manage-
ment. It’s utility as a clinical screening tool would depend on the prevalence of cholera in the
region. For example, in regions where cholera prevalence is low, the positive predictive value
of the test would decrease, resulting in many false positives. Alternatively, in regions were
prevalence is high, the test could be integrated into surveillance protocols, and used to identify
specimens for culture or PCR confirmation in reference laboratories. This would expedite sur-
veillance protocols while diminishing material costs. In their current form, these tests should
not be used for the diagnosis of cholera in individual patients. Despite this, in Haiti and else-
where, they are commonly use in clinical settings, to guide triage and treatment, and often
affect the care of individual patients. When used as described by the manufacturer, these high-
sensitivity, low-specificity tests such as Crystal VC and Artron should be reserved for epidemi-
ologic and research purposes. For example, as is recommended by the Global Task Force for
Cholera Control, samples from outbreaks of acute watery diarrhea of unknown etiology would
be tested by RDTs, and if a number of samples above a threshold are positive, this should trig-
ger a cholera alert and initiate response activities.[5,7]

In this study, we also frequently noted O139 positive bands with Crystal VC and Artron
RDT, whereas none were noted with SD Bioline. V. cholerae 0139 has been notably absent in
Haiti with the exception of one non-toxigenic 0139 isolate that was identified by the Haitian
National Public Health Laboratories and the Center for Disease Control between April 2012
and March 2013.[18] No V. cholerae O139 were identified by culture in this study, suggesting
that all the O139 positive bands in this study detected with Crystal VC and Artron RDT's were
false positives. No O139 positive bands were noted with SD Bioline RDT. This finding has
been documented in two prior studies where interestingly, samples that were 0139 positive for
V. cholerae by RDT lost positivity when 6-hours of APW enrichment was performed prior to
RDT testing.[22,24] The reasons for this finding are unclear. Previous studies have demon-
strated that V. cholerae serogroups 022 and O144, Vibrio mimicus and Aeromonas trota share
antigens with V. cholerae 0139.[25,26] Although this cannot be determined from this data, it
is possible that these 0139 false positive RDT results are detecting the presence of non-O1/
non-0139 V. cholerae, other Vibrio species or other diarrheagenic bacteria such as Aeromonas.
For example, 41 specimens in this study were isolated on TCBS, grew on HIA, and were string
test and oxidase test positive, but were negative on serologic testing with V. cholerae O1 and
0139 antisera. Other environmental factors may also be playing a role. Care should be taken
when training users of the test, ensuring to highlight the appropriate interpretation of a posi-
tive O139 band, as this can affect overall interpretation of the test. Additionally, single ser-
ogroup tests are available and could be used in regions where only one serogroup is prevalent.

This study has some limitations. First, the retrospective nature of this study is a limitation.
Because of its retrospective design, we were unable to conduct parallel testing that would allow
head-to-head comparisons of the tests, or collect demographic and clinical information on the
population that could have enabled informative subgroup analyses. As such, we were unable to
account for potential confounders such as antigenic drift, antibiotic consumption, and season-
ality. We were also unable to fully ensure complete blinding of technicians when performing
the gold standard and the RDT, or ensure equal and systematic preservation in Cary Blair
media. Several laboratory protocols were already in place to minimize these sources of error.
For example, technicians were routinely trained in appropriate data collection and interpreta-
tion to minimize bias, and although blinding was not complete, the flow of specimens through
the laboratory ensured that technicians performing cultures were usually blinded to the RDT
result. Preservation on Cary Blair media prior to bacterial culture has often been performed in
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prior evaluations of cholera RDTs; all efforts were made to minimize the time of preservation
on Cary Blair media.[10,11,18] Second, bacteriological culture was considered the gold stan-
dard at the time this study was performed, but the accuracy of culture methods and their reli-
ability as gold standards are more frequently being called into question. The sensitivity of
bacterial culture is likely suboptimal because of factors such as prior antibiotic use or possibly
intrahost phage predation.[4] A previous study evaluating Crystal VC in the absence of a gold
standard using Bayesian latent class modeling showed that the specificity of this test is likely
higher than previous measures relying on culture as the gold standard.[6] In another study
where samples were tested for V. cholerae by RDT and culture, half of the RDT positive, culture
negative samples tested positive by multiplex PCR, suggesting that some of these RDT positives
were in fact true positive results.[4] Artron RDT and SD Bioline RDT could be included in
similar studies where they are compared to each other and other diagnostic methods to further
clarify their characteristics. Furthermore, not all the cultures in this study were performed
with APW-enriched samples. Previous studies support the utility of APW enrichment prior to
plating on TCBS in increasing the sensitivity of culture.[20] Differences in the sensitivities and
specificities of the RDTs in this study were not statistically different depending on whether cul-
tures were performed with or without APW, except for the sensitivity of the SD Bioline RDT,
which was paradoxically lower when specimens were APW-enriched. Although this result was
statistically significant, samples sizes were small and variable: 23 SD Biolne tests compared to
APW-enriched bacterial cultures opposed to 428 tests compared to APW non-enriched
cultures.

This study presents performance characteristics for three RDTs for cholera, evaluated in a
regional laboratory in Haiti. We found that the Artron RDT is highly sensitive with poor to
moderate specificity and similar to the widely-used Crystal VC RDT, while SD Bioline RDT
has poor sensitivity and high specificity. We also show that Crystal VC and Artron RDTs fre-
quently give false positive 0139 results. Our findings reinforce conclusions from the Global
Task Force for Cholera Control that in their current form, RDTs for cholera are insufficiently
accurate to be used as point-of-care diagnostic tests, and should be limited to outbreak detec-
tion, surveillance and research. However, knowledge of the performance characteristics of
these tests can help improve clinical, epidemiological and research practices in support of chol-
era control efforts. For example, the frequently documented occurrence of 0139 false-positive
results should be stressed when training users of the tests. Alternatively, RDT dipsticks and
cassettes that only test for O1 or 0139 are available and should be considered for use in set-
tings where epidemics are dominated by a single serogroup. Both measures would reduce
errors in interpretation by field users. RDT evaluations have also demonstrated that the perfor-
mance characteristics of these tests can be highly variable, as seen in the low sensitivity and
high specificity of SD Bioline RDT, highlighting the importance of site-specific evaluation of
these tests prior to their use. These immediate changes in implementation can have significant
impact on the utility of RDTs. In the end however, the absence of a rapid, affordable, easy-to-
use and accurate test for the diagnosis of cholera remains a significant gap in our compendium
of tools to combat global cholera epidemics; research to develop improved diagnostics will
continue to remain a priority in the field.
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