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Abstract

Background

Chikungunya virus (CHIKV) causes febrile ilinesses and has always been misdiagnosed as
other viral infections, such as dengue and Zika; thus, a laboratory test is needed. Serological
tests are commonly used to diagnose CHIKV infection, but their accuracy is questionable
due to varying degrees of reported sensitivities and specificities. Herein, we conducted a
systematic review and meta-analysis to evaluate the diagnostic accuracy of serological
tests currently available for CHIKV.

Methodology and principal findings

A literature search was performed in PubMed, CINAHL Complete, and Scopus databases
from the 15! December 2020 until 22" April 2021. Studies reporting sensitivity and specificity
of serological tests against CHIKV that used whole blood, serum, or plasma were included.
QUADAS-2 tool was used to assess the risk of bias and applicability, while R software was
used for statistical analyses.

Thirty-five studies were included in this meta-analysis; 72 index test data were extracted
and analysed. Rapid and ELISA-based antigen tests had a pooled sensitivity of 85.8% and
82.2%, respectively, and a pooled specificity of 96.1% and 96.0%, respectively. According
to our meta-analysis, antigen detection tests serve as a good diagnostic test for acute-
phase samples. The IgM detection tests had more than 90% diagnostic accuracy for ELISA-
based tests, immunofluorescence assays, in-house developed tests, and samples collected
after seven days of symptom onset. Conversely, low sensitivity was found for the IgM rapid
test (42.3%), commercial test (78.6%), and for samples collected less than seven of symp-
tom onset (26.2%). Although IgM antibodies start to develop on day 2 of CHIKV infection,
our meta-analysis revealed that the IgM detection test is not recommended for acute-phase
samples. The diagnostic performance of the IgG detection tests was more than 93% regard-
less of the test formats and whether the test was commercially available or developed in-
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house. The use of samples collected after seven days of symptom onset for the 1gG detec-
tion test suggests that IgG antibodies can be detected in the convalescent-phase samples.
Additionally, we evaluated commercial IgM and IgG tests for CHIKV and found that ELISA-
based and IFA commercial tests manufactured by Euroimmun (Libeck, Germany), Abcam
(Cambridge, UK), and Inbios (Seattle, WA) had diagnostic accuracy of above 90%, which
was similar to the manufacturers’ claim.

Conclusion

Based on our meta-analysis, antigen or antibody-based serological tests can be used to
diagnose CHIKYV reliably, depending on the time of sample collection. The antigen detection
tests serve as a good diagnostic test for samples collected during the acute phase (<7 days
post symptom onset) of CHIKV infection. Likewise, IgM and IgG detection tests can be used
for samples collected in the convalescent phase (>7 days post symptom onset). In correla-
tion to the clinical presentation of the patients, the combination of the IgM and IgG tests can
differentiate recent and past infections.

Author summary

Chikungunya virus (CHIKV) causes non-specific symptoms such as fever, and the infec-
tion is sometimes misinterpreted as other viral infections, such as dengue and Zika.
Although serological tests are commonly used to diagnose CHIKV infection, the reliability
of these tests is questionable due to their highly variable performance. A systematic review
and meta-analysis were performed to determine the diagnostic accuracy of these serologi-
cal tests. As the analytes (antigen and antibodies) are present in the patient’s sample at dif-
ferent time points of CHIKV infection, we analysed the diagnostic performance of
serological tests detecting CHIKV antigen, IgM, and IgG antibodies. Our meta-analysis
showed that antigen or antibody-based serological tests could reliably be used to diagnose
CHIKYV, depending on the time of sample collection. Antigen detection test serves as a
good diagnostic test for samples collected within the acute phase (1 to 7 days) of CHIKV
infections. On the other hand, the IgM and IgG tests can be used for convalescent-phase
(>7 days of symptom onset) samples, differentiating recent and past CHIKV infections.
Although IgM antibodies start to develop as early as 2 to 4 days of CHIKV infection, our
result showed that the IgM detection tests for acute-phase samples exhibited low accuracy.
Thus, the IgM detection test is not recommended for samples collected <7 days of symp-
toms onset.

1. Introduction

Chikungunya virus (CHIKV) is transmitted to humans by Aedes mosquito bite. First isolated
in Tanzania in 1953 [1], CHIKV was restricted to sporadic outbreaks in Africa and Asia. The
three genotypes of CHIKV are designated after its geographical origins: East/Central/South/
African (ECSA), West African, and Asian [2]. A genotypic shift of the CHIKV from Asian to
ECSA was observed during the massive Indian Ocean outbreak in 2004, affecting millions of
people [3]. ECSA genotype of CHIKV then continues to cause outbreaks in India and other
parts of Asia [4,5]. Due to increased human movement and virus adaptability inside vectors,
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CHIKYV has been recorded in nonendemic regions of the world [6,7]. To date, CHIKV is wide-
spread in the Americas, Asia, and Africa [8], and the risk of reemergence and transmission
remains a public health concern.

Chikungunya fever is caused by CHIKV and is characterised by fever, rashes, and severe
joint pain. The symptoms can progress to chronic joint pain, affecting the patient’s quality of
life [9]. Since no licensed vaccines or therapies are available yet against CHIKYV, early diagnosis
may allow for early control strategies, preventing further outbreaks. As the clinical symptoms
of CHIKYV infections are similar to other viral illnesses, a reliable, sensitive, and specific labora-
tory test that can distinguish CHIKV infections from other viral infections is urgently needed.

According to World Health Organization (WHO) guidelines, the three main laboratory
tests for diagnosing CHIKV infections are virus isolation, serological tests, and molecular tech-
nique of polymerase chain reaction (PCR) [10]. The choice of tests depends on the number of
days from the symptom onset. Virus isolation and quantitative reverse transcription-PCR
(qQRT-PCR) are recommended for samples collected within the first five days of illness. Mean-
while, serology tests are used for samples collected 5 days after the onset of illness. According
to WHO, the Immunoglobulin M (IgM) ELISA is the most prevalent serology test used to
diagnose CHIKYV infection.

Compared to the standard methods such as virus isolation, QRT-PCR, and plaque reduction
neutralisation tests (PRNT), antigen and antibody-based serological tests are easier to perform,
cost-effective, and require minimum resources. Following the outbreaks in the Indian Ocean
in 2004, studies on CHIKYV serological tests increased tremendously [11]. However, the diag-
nostic accuracy of these serological tests is unknown due to various degrees of reported sensi-
tivities and specificities. To assess the diagnostic accuracy of the existing CHIKV serological
assays, we performed a systematic review and meta-analysis. As different analytes were
detected at different time points of sample collection, the diagnostic performance of serological
tests identifying CHIKV antigen, IgM and IgG antibodies was determined.

2. Methods
2.1 Study registration

We adopted the preferred reporting items for a systematic review and meta-analysis of diag-
nostic test accuracy (PRISMA-DTA) guideline in preparing this report [12]. This systematic
review was registered in the PROSPERO database under CRD42021227523.

2.2 Inclusion and exclusion criteria

Inclusion criteria in this systematic review were studies that 1) used suspected chikungunya
patients regardless of age, gender, or other health status; 2) assessed the diagnostic perfor-
mance of either antigen or antibody-based serological tests; 3) used either virus isolation, cell
culture, or molecular methods as the reference standard for antigen detection test; 4) used
either human serum, plasma, or whole blood as the samples; 5) contained sufficient informa-
tion to tabulate 2 x 2 contingency table. Other research materials such as conference abstracts,
commentaries, review articles, editorials, notes, and studies that did not specify the reference
methods were excluded.

2.3 Literature search strategy

The literature search was performed in PubMed, CINAHL Complete, and Scopus databases
from the 1% December 2020 until 22™® April 2021. The search was limited to journal articles
written in English and published from the year 2000 onwards. The year 2000 was chosen as the
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cutoff year because CHIKYV infection had been neglected before the unprecedented magnitude
outbreak in Indian Ocean territories in 2004 [11]. Therefore, not many studies on CHIKV
serological tests were available before the year 2000. We also screened through the reference
lists of all the included studies to identify the relevant literature. The detailed search strategies
for each database are shown in the S1 Appendix. All the articles were imported into Endnote
X9.2 (Clarivate Analytics, USA) for the study selection. After the full-text screening stage, we
documented the reasons for studies excluded in a PRISMA flow diagram.

2.4 Data extraction

According to the inclusion criteria mentioned above, the data extraction was done indepen-
dently by two reviewers (AA and YTS). Other than the true positive, false positive, false nega-
tive, and true negative, information such as author information, study design, sample size,
index test format, reference test description, and the time of sample collection were extracted
from these articles. Any ambiguities of the extracted data were resolved by mutual agreement
between authors.

A study can evaluate more than one index test, and all the index tests data reported in each
study were extracted. One of the studies [13] reported diagnostic accuracy from three different
laboratories, namely CDC, CARPHA, and NML. As each of these laboratories evaluated a dif-
ferent set of index tests, we named these studies according to the laboratories (i.e., Johnson
(CDC), Johnson (CARPHA), and Johnson (NML)). For studies developing serological tests
either with different antigens or antibodies of the same test format, only the optimised index
test data (highest diagnostic accuracy) were extracted for analysis.

2.5 Quality assessment

2.5.1 Study design. Analysis based on study design was done to determine each study’s
reliability and quality of evidence. We divided the study design into the cohort, case-control,
and partial cohort partial case-control study. The cohort study was a study that used suspected
chikungunya patient (patient presented with fever and/or rash, myalgia, or arthralgia) samples
to determine the accuracy of a test. The case-control study was a study that used confirmed
chikungunya positive patient samples to determine the test sensitivity and serum samples
from healthy individuals to determine the test specificity. The partial cohort and partial case-
control study, on the other hand, assessed the diagnostic accuracy of the test using cohort sam-
ples as well as other pathogen positive samples (for example, dengue, Ross River virus (RRV),
O’nyong-nyong virus (ONN)). For this analysis, the cohort was pooled together with the par-
tial cohort partial case-control study design and compared with the case-control study design.

2.5.2 Risk of bias and applicability. The Quality Assessment of Diagnostic Accuracy
Studies (QUADAS-2) tool was used to evaluate the quality and bias of each study [14]. The
four domains evaluated were patient selection, index test, reference standard, and flow and
timing (flow of patients through the study and timing of the index test and reference standard).
The risk of bias was described as either low, high, or unclear in each domain, while concerns
regarding the applicability were only assessed for the first three domains. Slight modifications
were done to the signalling questions from the original tool. When more than one signalling
question in a domain answered “no” or “unclear”, that domain will be rated as a high risk of
bias (see S2 Appendix). Two reviewers (AA and NTN) independently assessed the quality of
each study, and any disagreements were resolved through a consensual approach. The graph
for the risk of bias and the applicability concern was generated using Review Manager 5.4
software.
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2.6 Data analysis

A meta-analysis was performed in R software version 4.0.5 using the "meta" package. Pooled
estimates of sensitivity (the probability of a test to identify those with the disease correctly) and
specificity (the probability of a test to exclude those without disease correctly) with 95% confi-
dence intervals were calculated using a random-effect model (Maximum-likelihood estima-
tion), and the summary was presented in a paired forest plot. A random-effect model was
chosen to consider the heterogeneity present within and between the studies [15]. Heterogene-
ity between studies was estimated using I’ statistics (total variation across the studies). The I*
value of 75% and above was rated as high, 50-74% as medium, and 49-25% as low heterogene-
ity. A funnel plot asymmetry test was used to assess publication bias [16].

2.6.1 Subgroup analysis. The source of heterogeneity was investigated by stratifying the
data based on analytes detected by the serological tests, namely antigen, IgM, and IgG antibodies.
We further assessed the source of heterogeneity by classifying the data based on test formats
(ELISA-based, IFA, and rapid test), commercial versus in-house developed test, and time of sam-
ples collection (samples collected day 1 to 7 and after 7 days from the onset of clinical symptoms).

For commercial tests (specific brand) with two or more diagnostic accuracy studies, meta-
analyses were done according to the individual commercial kit. We included only samples col-
lected after 7 days from the onset of clinical symptoms for this analysis. The commercial kit
sensitivity and specificity reported by the manufacturers were also compared with the accuracy
reported in this study. All the analyses were done using R software to calculate pooled esti-
mates of sensitivity and specificity. The Mann-Whitney or Kruskal-Wallis test was used to
compare the sensitivity and specificity values between groups.

3. Results
3.1 Literature search results

A total of 563 articles were identified through the mentioned databases. After removing dupli-
cates, the remaining articles underwent title and abstract screening. Thereafter, a total of 40
articles were subjected to inclusion criteria evaluation. Three studies did not specify the refer-
ence standard [17-19], while one did not provide sufficient details for constructing the 2 x 2
contingency table [20]. In addition, one particular study involving cerebrospinal fluid (CSF)
samples was excluded [21]. Finally, the remaining thirty-five articles were subjected to full-text
reviewing for meta-analysis (Fig 1).

3.2 Characteristics of the included studies

We tabulated 72 sets of data from the 35 studies. Of the 72 tests assessed, 7 were antigen detec-
tion tests, 48 were IgM, 15 were IgG, and two were neutralising antibodies detection tests.
Tables 1-4 show the data for each analyte, and Table 5 shows the summary characteristics of
the studies that were included. A total of 10563 participants were included in this study, with
880 participants tested for antigen, 7613 participants for IgM, 1539 participants for IgG, and
531 participants for neutralising antibodies. Most of the studies (70%) did not specify the time
of sample collection and the clinical background of the study participants. Only five studies
(14.3%) specified that the samples were collected from hospitalised patients, and six studies
(17.1%) used patient samples collected during CHIKV outbreaks.

3.3 Diagnostic accuracy of serological tests for CHIKV infection

A meta-analysis based on the analytes (CHIKV antigen, IgM, and IgG antibodies) was done in
this study. Forest plot for antigen, IgM, IgG, and neutralising antibodies (See S1 Fig) shows

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010152  February 4, 2022 5/28


https://doi.org/10.1371/journal.pntd.0010152

PLOS NEGLECTED TROPICAL DISEASES Diagnostic accuracy of serological tests for the diagnosis of Chikungunya virus infection

Records identified through Additional records identified Additional records identified
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Full-text articles assessed Full-text articles excluded, with
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(n=35)

\ 4

Studies included in
quantitative synthesis
(meta-analysis)
(n=35)

Fig 1. PRISMA flow diagram.
https://doi.org/10.1371/journal.pntd.0010152.g001

that the sensitivity across studies ranged from 0 to 1.0, while the specificity ranged from 0.73 to
1.0. Following the available information, the source of heterogeneity was further evaluated
based on the test format, in-house developed versus commercial test, and time of sample col-
lection. As there were only two studies on neutralising antibodies detection tests, subgroup
analysis was not performed.

3.4 Antigen detection test

All seven antigen detection studies used molecular method and/or virus isolation as the refer-
ence test, and none of the antigen detection tests was commercially available. The samples
used for antigen detection test were acute samples ranging from 1 to 20 days post symptom
onset (Table 1). The forest plot for antigen detection test based on test format is shown in Fig
2. Meta-analysis showed no difference in the diagnostic performance between rapid and
ELISA-based tests (P = >0.05) (Table 6). The heterogeneity for the sensitivity was high for
both test formats, while moderate heterogeneity was observed for the specificity of the rapid
antigen detection test.

3.5 IgM detection test

A variety of reference standards were used in the diagnostic accuracy studies of the IgM detec-
tion test, which included molecular methods, in-house developed serology tests, and
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Table 1. Characteristics of the studies on antigen detection tests included in the meta-analysis.

Author Year | Study design | Reference test Index test Index test Time of sample Total number | TP | FP | FN | TN | Ref
format (Commercial/ In- collection (day of post | of samples
house) symptom onset)
Huits 2018 | Partial cohort | RT-PCR Rapid test In-house 1to 10 97 18 | 12 | 21 | 46 | [22]
and case-
control
Jain 2018 | Case-control | qRT-PCR Rapid test In-house 1to 15 123 74 | 2 | 5 | 42 |[23]
Kashyap 2010 | Cohort RT-PCR or Antigen In-house 1to >20 128 98 | 2 | 11 | 17 | [24]
qRT-PCR or virus | Indirect
isolation ELISA
Khan 2014 | Cohort RT-PCR Antigen In-house NA 60 3510 | 3 |22 |[25]
capture
ELISA
Okabayashi | 2015 | Cohort RT-PCR Rapid test In-house NA 112 68 2 | 8 34  [20]
Reddy 2020 | Cohort qRT-PCR Antigen In-house 1to5 160 51| 2 |49 | 58 | [27]
Indirect
ELISA
Suzuki 2020 | Partial cohort | RT-PCR Rapid test In-house 1to7 200 92 0 | 8 100 [28]
and case-
control

Note: TP, true positive; FP, false positive; FN, false negative; TN, true negative; Ref, reference; NA, not available

https://doi.org/10.1371/journal.pntd.0010152.t001

commercial kits (Table 2). Some studies used the molecular method to confirm CHIKYV infec-
tion for samples collected on the first day of symptoms appeared, then later samples from the
same patients were collected for the IgM detection test.

Subgroup analyses were conducted for the IgM detection test based on test format, in-
house developed versus commercial, and sampling time. The three test formats available for
IgM detection tests were rapid, ELISA-based, and immunofluorescence assay (IFA). Regard-
less of the test formats, the forest plot (Fig 3) shows that the sensitivity estimates vary more
widely than the specificity estimates. Meanwhile, meta-analyses revealed that the rapid tests
had the poorest sensitivity, 42.3% (95% CI 19.2 to 69.4) (Table 7). The sensitivity of the rapid
tests (42.3%; 95% CI 19.2 to 69.4) was statistically different from ELISA-based (93.4%; 95% CI
81.7 t0 97.8; P = 0.002) and IFA (99.3%; 95% CI 69.4 to 100; P = 0.027), while no significant
difference was found in the sensitivity of IFA and ELISA-based tests (P = 0.414).

More than half of the IgM detection tests investigated (60%) were commercially available,
and the sensitivity of these tests was highly variable compared to the in-house developed test
(Fig 4). According to our meta-analysis, the diagnostic accuracy of in-house developed tests
was significantly higher than commercial IgM tests (Table 7).

The sample collection time for the IgM detection tests ranges from day 1 to day 40 after the
onset of symptoms. For studies that provide sample collection time, we categorised sample
collected < 7 days post symptom onset as acute-phase samples and >7 days post symptom
onset as convalescent-phase samples (Table 2). The forest plot (Fig 5) shows that the sensitivity
estimates for samples collected < 7 days of symptoms onset mostly lies on the left side of the
plot. Consistent with this observation, our meta-analysis shows that the sensitivity for the sam-
ples collected < 7 days of symptoms onset was significantly lower than samples collected >7
days post symptom onset (Table 7). These results indicate that the IgM detection test had low
accuracy for acute-phase samples.

The sensitivity heterogeneity was moderate to high (73.7 to 96.5%) across all subgroup stud-
ies for IgM detection tests. In comparison, the test specificity showed low to moderate (0 to
72.0%) heterogeneity (Table 7).
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Table 2. Characteristics of studies on IgM detection tests included in the meta-analysis.

Author

Bagno

Bhatnagar

Blacksell

Blacksell

Blacksell

Cho
Cho
Cho
Cho
Damle
Galo

Johnson
(CDC)

Johnson
(CDC)

Johnson
(CDC)

Johnson
(CDC)

Johnson
(CDC)

Johnson
(CDC)

Year

2020

2015

2011

2011

2011

2008

2008

2008

2008

2016

2017

2016

2016

2016

2016

2016

2016

Study
design

Partial
cohort and
case-
control

Case-
control

Cohort

Cohort

Cohort

Case-
control

Case-
control

Case-
control

Case-
control

Cohort
Cohort

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Reference test

Anti-chikungunya IgG ELISA
kit (Euroimmun, Germany)

RT-PCR and IgM kit

Hemagglutination inhibition
(HI) and/or IgM antibody
capture ELISA and/or
RT-PCR

Hemagglutination inhibition
(HI) and/or IgM antibody
capture ELISA and/or
RT-PCR

Hemagglutination inhibition
(HI) and/or IgM antibody
capture ELISA and/or
RT-PCR

IgM capture ELISA (Lyon,
France)

IgM capture ELISA (Lyon,
France)

IgM capture ELISA (Lyon,
France)

IgM capture ELISA (Lyon,
France)

MAC-ELISA (National
Institute of Virology, Pune)

CDC-MAC-ELISA (Atlanta,
Georgia, United States)

CDC MAC-ELISA and PRNT

CDC MAC-ELISA and PRNT

CDC MAC-ELISA and PRNT

CDC MAC-ELISA and PRNT

CDC MAC-ELISA and PRNT

CDC MAC-ELISA and PRNT

Index test
format

IgM Indirect
ELISA

IgM Indirect
ELISA

Rapid test

MAC-ELISA

MAC-ELISA

IgM Indirect
ELISA (E1)

IgM Indirect
ELISA (E2)

IgM Indirect
ELISA (Capsid)

Rapid test
(Capsid)

MAC-ELISA
(Capsid)

MAC-ELISA

IgM Indirect

ELISA

IFA

MAC-ELISA

MAC-ELISA

MAC-ELISA

MAC-ELISA

Index test
(Commercial/ In-
house)

Time of sample
collection (day of |number of
post symptom

onset)
In-house NA
In-house 7t023°
Commercial (SD 3to7?
Diagnostics)
Commercial (SD 3to7?
Diagnostics)
Commercial (SD 19t030°
Diagnostics)
In-house NA
In-house NA
In-house NA
In-house NA
In-house NA
In-house ~59%
Commercial 2 to 33
(Euroimmun)
Commercial 2 to 33
(Euroimmun)
Commercial 2 to 33
(Abcam)
Commercial 2 to 33
(InBios)
Commercial 2 to 33
(CTK Biotech)
Commercial 2 to 33
(Genway)

Total

samples

144

90

292

292

292

60

60

60

60

248

198

92

75

70

71

20

43

TP | FP | FN
57 | 1 |10
4510 0
2 |15 50
2 | 18] 50
44 121 8
31,0 9
36 | 0 4
34 10| 6
35,0 5
67 | 0 | 10
113 1 3
51 | 1 1
34 13 0
36 | 1 0
36 1 0 0
2 |0 14
0| 0 27

TN

76

45

225

222

219

20

20

20

20

171

81

39

38

33

35

16

Ref

[29]

[30]

(31]

(31]

(31]

(32]

(32]

(33]

(33]

(35]

[13]

[13]

[13]

(Continued)
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Table 2. (Continued)

Author Year | Study Reference test Index test Index test Time of sample | Total TP | FP | FN | TN | Ref

design format (Commercial/ In- | collection (day of | number of

house) post symptom samples
onset)

Johnson 2016 | Partial CDC MAC-ELISA and PRNT | MAC-ELISA Commercial (SD 2to 33 44 12 | 219 | 11 |[13]
(CDC) cohort and Diagnostics)

case-

control

Johnson
(CDC)

Johnson

(CARPHA)

Johnson

(CARPHA)

Kosasih

2016

2016

2016

2014

2020

2020

2012

Partial
cohort and
case-

control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Cohort

Commercial
(InBios)

Cohort

Cohort

Partial
cohort and
case-
control

CDC MAC-ELISA and PRNT

CDC MAC-ELISA and PRNT

CDC MAC-ELISA and PRNT

RT-PCR and in-house indirect
IgM ELISA

RT-PCR

RT-PCR

In-house IgM capture ELISA
and/or RT-PCR

Rapid test

MAC-ELISA

Indirect ELISA

MAC-ELISA

Indirect ELISA

Rapid test

Commercial
(CTK Biotech)

Commercial
(Euroimmun)

Commercial
(InBios)

In-house

Commercial
(Euroimmun)

Commercial
(CTK Biotech)

1to7?

1to7?

1to >21

96

369

354

206

68

15

27

24

144

130

105

26

214

185

74

(Continued)
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Table 2. (Continued)

Author Year |Study Reference test Index test Index test Time of sample | Total TP | FP | EN | TN | Ref
design format (Commercial/ In- | collection (day of | number of
house) post symptom samples
onset)
Lee 2020 | Case- Euroimmun and Inbios IgM | Rapid test Commercial NA 220 57| 1 | 0 |162|[38]
control ELISA (Boditech Med
Inc)
Litzba 2008 | Case- In-house IgM capture ELISA | IFA Commercial NA 246 127 2 | 4 113 [39]
control or in-house IIFT (Euroimmun)
Matheus 2015 | Cohort qRT-PCR and/or MAC-ELISA | MAC-ELISA In-house >5° 58 15 | 1 42 | [40]
Mendoza 2019 | Case- Plaque reduction IgM Indirect Commercial NA 212 154 0 51 | [41]
control neutralization test (PRNT) ELISA (Euroimmun)
and/or RT-PCR
Prat 2014 | Partial In-house MAC-ELISA and Rapid test Commercial (SD NA 25 3 14| 7 |11 |[42]
cohortand | PRNT Diagnostics)
case-
control
Prat 2014 | Partial In-house MAC-ELISA and Rapid test Commercial NA 25 2 1| 8 14 [42]
cohortand  PRNT (CTK Biotech)
case-
control
Prat 2014 | Partial In-house MAC-ELISA and MAC-ELISA Commercial (IBL NA 53 22 | 3| 6 | 22 | [42]
cohort and | PRNT International)
case-
control
Prat 2014 | Partial In-house MAC-ELISA and IgM Indirect Commercial NA 50 22 | 5 | 4 | 19 | [42]
cohortand | PRNT ELISA (Euroimmun)
case-
control
Priya 2014 | Partial SD IgM ELISA (Standard IgM Indirect In-house 3t010° 90 48 | 2 | 0 | 40 | [43]
cohort and | Diagnostics, South Korea) ELISA
case-
control
Rianthavorn | 2010 = Cohort Semi-nested RT-PCR and Rapid test Commercial (SD 1to6? 367 33 | 17 | 153 | 164 | [44]
ELISA kit (SD BIOLINE) Diagnostics)
Rianthavorn | 2010 | Cohort Semi-nested RT-PCR and Rapid test Commercial (SD 7to >14° 160 67 | 23 | 14 | 56 | [44]
ELISA kit (SD BIOLINE) Diagnostics)
Theillet 2019 | Case- In-house MAC-ELISA Rapid test In-house NA 78 24 1 | 10 | 43  [45]
control
Verma 2014 | Case- RT-PCR or IgM kit IgM Indirect In-house 7to15° 195 115 0 | 8 | 72 | [46]
control ELISA
Wang 2019 | Partial ELISA kit (Euroimmun) Rapid test In-house NA 109 10 | 3 2 94 | [47]
cohort and
case-
control
Wasonga 2015 | Cohort IgM-capture ELISA (CDC) MAC-ELISA In-house NA 148 51 | 3 | 5 | 8 |[48]
and focus reduction
neutralization test
Yap 2010 | Partial RT-PCR and IgM serology Rapid test Commercial 1to6* 141 24 | 0 67 50 | [49]
cohort and (CTK Biotech)
case-
control
Yap 2010 | Partial RT-PCR and IgM serology Rapid test Commercial 7t040° 93 23| 0 | 20 | 50 |[49]
cohort and (CTK Biotech)
case-
control
(Continued)
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Table 2. (Continued)

Author Year |Study

Yap

Yap

Yap

Yap

Yap

Yap

2010

2010

2010

2010

2010

2010

design

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Partial
cohort and
case-
control

Index test Index test Time of sample | Total TP | FP | FN | TN | Ref
format (Commercial/ In- | collection (day of | number of
house) post symptom samples
onset)
RT-PCR and IgM serology IFA Commercial 1to6? 240 92 | 0 | 98 50 |[49]
(Euroimmun)
RT-PCR and IgM serology IFA Commercial 7t040° 145 95| 0 | 0 | 50 |[49]
(Euroimmun)
RT-PCR and IgM serology MAC-ELISA In-house 1to6*® 240 9 | 2 | 94 48 |[49]
(226A)
RT-PCR and IgM serology MAC-ELISA In-house 7t040° 145 95 | 2| 0 | 48 |[49]
(226A)
RT-PCR and IgM serology MAC-ELISA In-house 1to6* 240 118 2 | 72 48 | [49]
(226V)
RT-PCR and IgM serology MAC-ELISA In-house 7t040° 145 95 | 2 | 0 | 48 |[49]
(226V)

Note: TP, true positive; FP, false positive; FN, false negative; TN, true negative; Ref, reference; NA, not available

* Acute samples

® Convalescent samples

https://doi.org/10.1371/journal.pntd.0010152.t002

3.6 IgG detection test

The reference standards used for IgG detection test studies include the commercial kits, in-
house developed ELISA, IFA, or PRNT. The time of sample collection for IgG detection tests
ranges from 7 to 90 days of post symptom onset.

Subgroup analysis based on test format and in-house developed versus commercial tests
were done for the IgG detection test. The forest plot for the three different test formats
(ELISA-based, rapid test, and IFA) was shown in Fig 6. We found no difference (P = >0.05) in
the diagnostic performance of the three different test formats (IFA, ELISA-based and rapid
test), and rapid tests showed the highest accuracy (Table 8). Although there was no difference,
the IFA and rapid test accuracy have to be interpreted with caution as the sample size for IFA
and the rapid IgG detection test was relatively low compared to the ELISA-based test.

We compared the diagnostic performance of commercial and in-house developed IgG
tests. Fig 7 shows the forest plot for commercial and in-house developed IgG tests, and our
analysis showed no difference in the diagnostic accuracy of the two tests (Table 8). In sum-
mary, the CHIKV IgG detection tests had a high diagnostic accuracy with more than 93% sen-
sitivity and specificity regardless of the test format and commercial or in-house developed test.

The sensitivity heterogeneity in the subgroup analysis for IgG tests ranged from medium to
high (I? of 72.4 to 83.6) except for the IFA and rapid test, which showed no heterogeneity
(Table 8). There was no heterogeneity in the specificity of all the IgG detection tests.
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3.7 Subgroup analysis of commercial serological tests for CHIKV

A meta-analysis was performed for nine commercial tests detecting IgM and IgG antibodies
(Table 9). The data for meta-analysis based on test format were available in sections A-C of S1
Table. Most commercial kits indicated testing using samples taken between 6 and 8 days after
symptom onset. Therefore, data from samples collected less than 7 days after symptom onset
were eliminated from the analysis. The commercial kit studies mostly use cohort or partial
cohort partial case-control study designs. Case-control study design was used in only two of
the studies [39,41].

Table 3. Characteristics of studies on IgG detection tests included in the meta-analysis.

Author | Year | Study design | Reference test Index test Index test Time of sample Total TP | FP | FN | TN | Ref
format (Commercial/ In- collection (day of number of
house) post symptom onset) | samples
Bagno 2020 | Partial Anti-chikungunya IgG IgG Indirect | In-house NA 156 69 | 3 | 1 83 [29]
cohort and ELISA kit (Euroimmun, ELISA
case-control | Germany)
De 2017 | Partial In-house ELISA (CDC, GAC-ELISA | Commercial 15 to 90 36 132 | 1 |20 |[50]
Salazar cohort and Atlanta, United States) (InBios)
case-control
De 2017 | Partial In-house ELISA (CDC, IgG Indirect | Commercial 15 to 90 36 14 4 0 18 | [50]
Salazar cohort and Atlanta, United States) ELISA (Euroimmun)
case-control
De 2017 | Partial In-house ELISA (CDC, IFA Commercial 15 to 90 36 14 | 2 | 0 | 20 | [50]
Salazar cohort and Atlanta, United States) (Euroimmun)
case-control
Fumagalli | 2018 | Cohort Plaque reduction IgG Indirect | In-house NA 59 26 0 3 30  [51]
neutralization test ELISA
Kowalzik | 2008 | Case-control | I[FA Rapid test | In-house NA 130 22 1 0 | 8 100 [52]
Kumar 2014 | Partial IgG IFA (Euroimmun) GAC-ELISA | In-house >9 141 83 17 36 | [53]
cohort and
case-control
Lee 2020 | Case-control | Euroimmun and Inbios Rapid test | Commercial NA 199 36| 0 | 0 | 163|[38]
IgG ELISA (Boditech Med Inc)
Litzba 2008 | Case-control | Indirect IgG ELISA or In- IFA Commercial NA 207 83 0 | 4 120 [39]
house ITFT (Euroimmun)
Mendoza | 2019 | Case-control | Plaque reduction IgG Indirect | Commercial NA 212 155 1 | 6 | 50 | [41]
neutralisation test and/or ELISA (Euroimmun)
RT-PCR
Mendoza | 2019 @ Case-control | Plaque reduction GAC-ELISA | Commercial NA 212 155 0 | 6 | 51 | [41]
neutralisation test and/or (Abcam)
RT-PCR
Prat 2014 | Partial In-house ELISA and GAC-ELISA | Commercial (IBL NA 53 15 | 1 | 13 | 24 | [42]
cohort and PRNT International)
case-control
Prat 2014 | Partial In-house ELISA and IgG Indirect | Commercial NA 47 22 1 3| 3 |19 |[42]
cohort and PRNT ELISA (Euroimmun)
case-control
Verma 2014 | Case-control | RT-PCR or IgM kit IgG Indirect | In-house 7to 15 195 117 0 6 72 | [46]
ELISA
Wang 2019 | Partial ELISA kit (Euroimmun) | Rapid test In-house NA 109 29 1 0| 0 | 80 |[47]
cohort and
case-control
Note: TP, true positive; FP, false positive; FN, false negative; TN, true negative; Ref, reference; NA, not available
https://doi.org/10.1371/journal.pntd.0010152.t003
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010152  February 4, 2022 12/28


https://doi.org/10.1371/journal.pntd.0010152.t003
https://doi.org/10.1371/journal.pntd.0010152

PLOS NEGLECTED TROPICAL DISEASES Diagnostic accuracy of serological tests for the diagnosis of Chikungunya virus infection

Table 4. Characteristics of studies on neutralising antibodies detection tests.

Author | Year | Study Reference test Index test Index test Time of sample Total TP | FP | FN | TN | Ref
design format (Commercial/ In- | collection (day of number of
house) post symptom onset) |samples
Goh 2015 | Case- Indirect immunofluorescence Epitope In-house NA 80 60 1 | 0 | 19  [54]
control | antibody assay and blocking
haemagglutination inhibition ELISA
Morey | 2010 | Cohort | RT-PCR and/or qRT-PCR or virus | Peptide In-house NA 28 172 | 2 | 7 |[55]
isolation ELISA

Note: TP, true positive; FP, false positive; FN, false negative; TN, true negative; Ref, reference; NA, not available

https://doi.org/10.1371/journal.pntd.0010152.t1004

There are three types of commercial tests: ELISA-based, IFA-based, and rapid test. The
diagnostic performance of all the tests (ELISA and IFA) developed by Euroimmun (Liibeck,
Germany) had more than 90% sensitivity and specificity. There was no heterogeneity found in
the diagnostic performance of IFA (Table 9). Another ELISA-based assay was developed by
Abcam (UK) and Inbios (Seattle, WA, USA). Both assays showed high diagnostic performance
with no heterogeneity.

Meanwhile, ELISA-based and rapid IgM test developed by Standard Diagnostics Inc. (Yon-
gin-si, South Korea) had poor diagnostic performance compared to tests of the same format
from other manufacturers. The sensitivity of another IgM rapid test developed by CTK Biotech
Inc. (San Diego, CA, USA) was equally poor (27.9%; CI 10.8 to 55.2). Compared to the sensi-
tivity claimed by the manufacturers, the sensitivity of the two rapid tests reported in this study
was relatively low. In summary, ELISA-based and IFA outperform rapid tests in terms of diag-
nostic performance among all the commercial tests.

3.8 Quality assessment

3.8.1 Study design. The diagnostic performance of the case-control and cohort/partial
cohort partial case-control study design was compared (Table 10). No analysis was done for

Table 5. Characteristics of the Index tests (n = 72) from the 35 included studies.

Characteristic No. (%)
Analyte
IgM antibodies 48 (66.7)
IgG antibodies 15 (20.8)
Antibodies 2(2.8)
Antigen 7(9.7)
Index test
Commercial assay 39 (54.2)
In-house developed assay 33 (45.8)
Index test format
ELISA-based 46 (63.9)
Rapid test 20 (27.8)
Immunofluorescence assay 6(8.3)
Study design
Cohort 17 (23.6)
Case-control 18 (25)
Partial cohort and partial case-control 37 (51.4)

https://doi.org/10.1371/journal.pntd.0010152.t005
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Antigen detection test - Rapid test

Study TP FP FN TN Sensitivity (95% Cl) Specificity (95% Cl)  Sensitivity (95% Cl)  Specificity (95% Cl)
Huits 2018 [21] 18 12 21 46 0.46[0.30, 0.63) 0.79[0.67,0.89) —— —&
Jain 2018 [23] 74 2 5 42 0.94 [0.86, 0.98] 0.95[0.85, 0.99) il —=
Okabayashi2015(26) 68 2 8 34 0.89(0.80,0.85] 0.94[0.81,0.99) = -
Suzuki 2020 [28) 92 0 8 100 0.92[0.85, 0.96) 1.00(0.96,1.000 __, . - f

0020406081 0020406081
Antigen detection test - ELISA-based

Study TP FP FN TN Sensitivity (95% CI) Specificity (95% Cl) Sensitivity (95% Cl)  Specificity (95% Cl)

Kashyap 2010(24] 98 2 11 17 0.90[0.83, 0.95) 0.89 [0.67, 0.99) = —
Khan 2014 [25] 3F 0 03 22 0.92[0.79,0.98] 1.00[0.85,1.00] —= —=
Reddy 2020 [27) 51 2 49 58 0.51[0.41,0.61) 0.97[0.88,1.00] - M|

0020406081 0020406081
Fig 2. Forest plot for antigen detection test based on test format; CI, confidence interval; TP, true positive; FP,
false positive; FN, false negative; TN, true negative.

https://doi.org/10.1371/journal.pntd.0010152.9002

the antigen detection test since there is just one study with a case-control study design

(Table 1). The sensitivity and specificity of the two study designs were shown to differ signifi-
cantly (P = <0.05) for the IgM detection test. Meanwhile, only the specificity of the two study
designs was shown to be significantly different for the IgG detection test. Overall, the case-con-
trol study had a higher diagnostic accuracy than the cohort/partial cohort partial case-control
study.

3.8.2 Risk of bias and application. Based on the QUADAS-2 tool, nine (24.3%) and six
(16.2%) studies had a high risk of bias with regards to the patient selection and index test,
respectively (Fig 8). All of the studies showed low applicability concern. The risk of bias and
applicability concerns assessment of individual studies is available in S2 Fig.

3.9 Publication bias
Analysis showed a symmetrical funnel plot, suggesting no publication bias (P = 0.236) (Fig 9).

4. Discussion

CHIKYV is a mosquito-borne virus that causes an acute febrile illness with severe joint pain.
This study reviewed and analysed serological tests detecting CHIKV antigen, IgM, and IgG
antibodies. During CHIKYV infection, once the virus enters the host, it replicates and causes
viremia, which lasts about 7 days. The patient’s clinical manifestations, such as fever, are
closely related to the high viral load during this period [56,57]. The appearance of the antibod-
ies in the following phase is linked to a decrease in viremia. In this meta-analysis, the acute
phase is defined as days 1 to 7 following the beginning of symptoms, while the convalescent
phase is defined as after 7 days of symptom onset. Since different analytes are detected at

Table 6. Analysis for antigen detection tests.

Number of index test | Sample size Pooled Sensitivity P-value Pooled Specificity P-value
Percentage [95% CI] P [95% CI] Percentage [95% CI] I [95% CI]
Test format
Rapid test 4 532 85.8 [65.6; 95.1] 93.0% [85.2; 96.7] 12 96.1 [81.9; 99.3] 56.9% [0.0; 85.7] | 0.721°
ELISA-based 3 348 82.2 [55.6; 94.4] 95.1% [89.1;97.8] 96.0 [89.9; 98.5] 0.0% [0.0; 85.1]

Abbreviations: CI, confidence interval; ELISA, enzyme-linked immunosorbent assay; I°, Inconsistency
* Mann-Whitney test

https://doi.org/10.1371/journal.pntd.0010152.t006
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IgM_ELISA
Study TP FP N TN itivity (95% CI) ificity (95% CI) itivity (95% CI) ificity (95% Cl)
Bagno 2020 [29) 57 1 10 76 0.85(0.74,0.93] 0.99(0.93,1.00] —& -
Bhatnagar 2015 (30] 45 0 0 45 1.00(0.92, 1.00] 1.00(0.92,1.00] - -
Blacksell 2011 [31] 2 18 50 222 0.04(0.00,0.13] 0.93[0.88,0.95) -
Blacksell 2011 [31] 44 21 8 219 0.85(0.72,0.93] 0.91[0.87, 0.95] —f= -
Cho 2008a [32] 31 0 9 20 0.78(0.62,0.89] 1.00(0.83,1.00] = —a
Cho 2008a [32] 3 0 4 20 0.90 [0.76, 0.97] 1.00(0.83,1.00] = —a
Cho 2008h [33] 3 0 6 20 0.85(0.70,0.94] 1.00(0.83,1.00] —a —a
Damle, 2016 [34] 67 0 10 171 0.87[0.77,0.94] 1.00(0.98, 1.00] —& L]
Galo 2017 [35] 13 1 3 81 0.97(0.93,0.99] 0.99(0.93,1.00] - -
Johnson 2016 (CARPHA) [13] 26 0 0 10 1.00(0.87, 1.00] 1.00[0.69, 1.00] —a —
Johnson 2016 (CARPHA) [13] 3 0 0 10 1.00 [0.90, 1.00] 1.00(0.69, 1.00] —a —a
Johnson 2016 (CARPHA) [13] 27 1 0 13 1.00(0.87,1.00] 0.93 [0.66, 1.00] —a —
Johnson 2016 (CDC) [13] 5 1 1 39 0.98 [0.90, 1.00] 0.97 [0.87,1.00] - —
Johnson 2016 (CDC) [13] 36 1 0 33 1.00(0.90, 1.00] 0.97 (0.85,1.00] —a —a
Johnson 2016 (CDC) [13] 3 0 0 35 1.00 (0.90, 1.00] 1.00[0.90, 1.00] —a —a
Johnson 2016 (CDC) [13] 2 0 14 4 0.13(0.02,0.38] 1.00(0.40,1.00) —@— ]
Johnson 2016 (CDC) [13] 0 0 27 18 0.00(0.00,0.13] 1.00(0.79, 1.00] =— —a
Johnson 2016 (CDC) [13] 12 2 19 1 0.39(0.22,0.58] 0.85[0.55, 0.98] —— —
Johnson 2016 (NML) [13] 94 6 6 141 0.94(0.87,0.98] 0.96[0.91, 0.98] d -
Khan 2014 [25] 68 2 0 26 1.00 [0.95, 1.00] 0.93(0.76, 0.99] - —=
Khan 2014 [25] 67 0 1 28 0.99(0.92, 1.00] 1.00(0.88,1.00] —a
Kikuti 2020 [36] 6 5 144 214 0.04 [0.01, 0.09] 0.98(0.95,0.99 = -
Kikuti 2020 [36] 61 19 5 181 0.92(0.83,0.97) 0.91[0.86, 0.94] —= -
Kikuti 2020 [36] 15 24 130 185 0.10(0.06, 0.16] 0.89[0.83,0.93] -
Kikuti 2020 [36] 63 31 2 162 0.97 (0.89, 1.00] 0.84(0.78,0.89) - -
Matheus 2015 [40] 15 1 0 42 1.00(0.78, 1.00] 0.98(0.88,1.00] | -
Mendoza 2019 [41] 15 0 7 51 0.96 [0.91, 0.98] 1.00(0.93,1.00] - -
Prat 2014 [42) 22 3 6 22 0.79(0.59,0.92] 0.88(0.69,0.97] — —
Prat 2014 [42] 22 5 4 19 0.85 [0.65, 0.96] 0.79(0.58, 0.93] — —a
Priya 2014 [43] 48 2 0 40 1.00(0.93, 1.00] 0.95(0.84,0.99] -a —=
Verma 2014 [46] 115 0 8 72 0.93(0.88,0.97] 1.00(0.95, 1.00] - -
Wasonga 2015 [48] 51 3 5 89 0.91(0.80, 0.97] 0.97 [0.91,0.99] —& -
‘Yap 2010 [49] 96 2 94 48 0.51(0.43,0.58] 0.96 (0.86, 1.00] - —=
Yap 2010 [49] 95 2 0 48 1.00 [0.96, 1.00] 0.96 [0.86, 1.00] - —=
‘Yap 2010 [49] 18 2 72 48 0.62 [0.55, 0.69] 0.96 [0.86, 1.00] - —=
Yap 2010 [49] 95 2 0 48 1.00 [0.96, 1.00] ose[0eet00]  , ., . . W, ., . . .-
0020406081 0020406081
IgM_IFA
Study TP FP FN TN itivity (95% CI) ificity (95% CI) itivity (95% CI) ificity (95% C1)
Johnson 2016 (CARPHA) [13] 211 0 1" 1.00(0.84, 1.00] 0.92[0.62, 1.00] —a —=
Johnson 2016 (CDC) [13] 34 3 0 38 1.00(0.90, 1.00) 0.93[0.80,0.98] —a —&
Litzba 2008 [39] 127 2 4 113 0.97(0.92,0.99] 0.98 [0.94, 1.00] - -
Yap 2010 [49] 92 0 98 50 0.48(0.41, 0.56] 1.00(0.93, 1.00] - -
‘Yap 2010 [49] 95 0 0 50 1.00(0.96, 1.00] 1000931000  , , ., . ® . ., ., . ¥
0020406081 0020406081
IgM_rapid test
Study TP FP FN TN Sensitivity (95% Cl) Specificity (95% Cl) Sensitivity (95% Cl)  Specificity (95% CI)
Blacksell 2011 [31] 2 15 50 225 0.04(0.00,0.13] 0.94 [0.90, 0.96] - -
Cho 2008h [33] 3% 0 5 20 0.88(0.73,0.96] 1.00[0.83, 1.00] — —a
Johnson 2016 (CDC) [13] 0 0 24 7 0.00(0.00,0.14] 1.00[0.59, 1.00] — —
Johnson 2016 (CDC) [13] 3 0 20 4 0.13[0.03,0.34] 1.00 [0.40, 1.00] = ——=
Kosasih 2012 [37) 27 0 105 74 0.20(0.14,0.28) 1.00 [0.95, 1.00] - -
Kosasih 2012 [37] 67 8 65 66 0.51(0.42, 0.60] 0.89 [0.80, 0.95] - —=
Lee 2020 [38) 57 1 0 162 1.00(0.94, 1.00] 0.99 (0.97, 1.00] - -
Prat 2014 [42] 3 4 7 1" 0.30(0.07, 0.65] 0.73[0.45,0.92] i —
Prat 2014 [42] 21 8 14 0.20[0.03, 0.56] 0.93 [0.68, 1.00] — —=
Rianthavorn 2010 [44] 33 17 153 164 0.18(0.13,0.24] 0.91(0.85,0.94] -, b
Rianthavorn 2010 [44] 67 23 14 56 0.83(0.73,0.90] 0.71[0.60, 0.81] = —&
Theillet 2019 [45] 24 1 10 43 0.71(0.53,0.85) 0.98 [0.88, 1.00] i i
Wang 2019 [47] 10 3 2 94 0.83(0.52,0.98] 0.97 [0.91,0.99] — -
Yap 2010 [49] 24 0 87 50 0.26(0.18,0.37) 1.00 [0.93, 1.00] = -
‘Yap 2010 [49] 23 0 20 50 0.53(0.38, 0.69] 1.00(0.93, 1.00] — e e+ T
0020406081 0020406081

Fig 3. Forest plot for IgM detection test based on test format; CI, confidence interval; TP, true positive; FP, false
positive; FN, false negative; TN, true negative.

https://doi.org/10.1371/journal.pntd.0010152.9003

different time points during CHIKV infection (acute and convalescent), herein, we elaborate
the findings of this meta-analysis considering the utility of these tests during CHIKV
infection.

4.1 Acute phase

Our meta-analysis demonstrates that antigen detection tests serve as a good diagnostic test for
samples collected during the acute phase of CHIKV infection. According to the CHIKV testing
algorithm developed by the Center for Disease Control and Prevention (CDC), qRT-PCR is
the standard test used for samples collected less than 6 days after symptom onset [58]. Never-
theless, the qRT-PCR has limitations, such as the need for expensive reagents and equipment
that are not available in most laboratories, especially in rural areas where CHIKV is prevalent.
Less complicated tests, such as rapid and ELISA-based antigen detection tests, can be utilised
as an alternative.
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Table 7. Analysis for IgM detection tests.

Number of index test

Test format

ELISA-based 31
Rapid test 13
IFA 4
Commercial vs In-house
Commercial 30
In-house 18
Time of sample collection
<7 days 10
>7 days 12

Sample size

5169
2040
739

5388
2560

2733
1936

Pooled Sensitivity P-value Pooled Specificity P-value
Percentage [95% CI] I? [95% CI] Percentage [95% CI] 2 [95% CI]
93.4 [81.7; 97.8] 93.0% [91.3;94.4] | 0.003*° 96.8 [95.0; 98.0] 37.4% [6.2;58.2] | 0.796°

42.3[19.2; 69.4]
99.3 [69.4; 100]

92.2% [88.8; 94.6]
91.0% [82.0; 95.5]

97.1 [92.0; 99.0]
98.0 [93.6; 99.4]

72.0% [52.9; 83.3]
0.0% [0.0; 72.4]

78.6 [51.0; 92.8]
94.7 [87.7; 97.8]

94.0% [92.5; 95.1] | <0.001 ©
86.4% [80.4; 90.6]

95.9 [93.3; 97.6]
98.0 [96.9; 98.8]

59.3% [41.2;71.8] | 0.006°¢
0.0% [0.0; 0.0]

26.2 [9.0; 56.0]
98.4 [90.7; 99.7]

96.5% [95.0; 97.5] | <0.001 €
73.7% [53.3; 85.2]

95.8 [92.5; 97.7]
96.6 [91.0; 98.8]

52.4% [2.5;76.8] | 0.914°¢
69.9% [45.6; 83.4]

Abbreviations: CI, confidence interval; ELISA, enzyme-linked immunosorbent assay; IFA, Immunofluorescent assay; P, Inconsistency

* Kruskal-Wallis test

® pairwise tests ELISA-based vs rapid test, P = 0.002; pairwise test rapid test vs IFA, P = 0.027; pairwise test ELISA-based vs IFA, P = 0.414.

¢ Mann-Whitney test

https://doi.org/10.1371/journal.pntd.0010152.t007

For the antigen detection test, most of the studies in this meta-analysis employed samples
from the early stage of infection (1 to 20 days). Virus isolation or a molecular-based assay were
used as reference standards to confirm the presence of viral particles (antigen). Only one study
[23] used the case-control study design, and all antigen tests were generated in-house. As a
result, there was no further analysis based on these variables to discover the source of
heterogeneity.

The low sensitivity of the test against different CHIKV genotypes could be one source of
heterogeneity for antigen detection tests. The rapid test developed by Okabayashi et al. [26]
was shown to be less sensitive in detecting CHIKV of Asian genotype [22]. Suzuki et al. [28]
generated new monoclonal antibodies and showed that their improvised rapid test was more
sensitive to cultured Asian and West African genotypes than the rapid test developed by Oka-
bayashi et al. [26]. To further augment the diagnostic accuracy of this test, we suggest that dif-
ferent populations covering different genotypes should be tested in the future.

In this meta-analysis, the time of sample collection for IgM detection tests ranges from day
1 to day 40 post symptom onset. This wide range of time of samples collection is theoretically
acceptable as IgM antibodies are known to appear as early as day 2 from the onset of illness
and can persist up to 3 months [59]. However, our meta-analysis revealed that the sensitivity
of the IgM detection tests was low for acute-phase samples (1 to 7 days post symptom onset)
(26.2%) compared to the convalescent-phase samples (>7 days post symptom onset) (98.4%).
This result is consistent with Natrajan et al. (60) findings, who found that IgM tests can detect
CHIKYV with a 100% accuracy rate for samples taken more than 6 days of symptom onset. In
summary, while IgM antibodies begin to develop from day 2 of CHIKV infection, the level can
be way below the detection limit of most serological assays. Thus, the IgM detection test is not
recommended for samples taken during the acute phase of infection.

4.2 Convalescent phase

As mentioned above, our meta-analysis showed that the diagnostic accuracy of the IgM detec-
tion test was high for convalescent-phase samples. According to WHO guidelines, a confirmed
CHIKY case is defined as the presence of CHIKV IgM antibodies in a single serum sample
taken during the acute or convalescent phases, indicating recent infection [10].
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IgM_in-house

Study TP FP FN TN Sensitivity (95% Cl) Specificity (95% CI) Sensitivity (95% Cl) Specificity (95% Cl)
Bagno 2020 [29] 57 1 10 76 0.85[0.74,0.93] 0.99[0.93,1.00 —& -
Bhatnagar 2015 [30] 45 0 0 45 1.00[0.92, 1.00] 1.00[0.92,1.00 - -
Cho 2008a [32] 31 0 9 20 0.78[0.62,0.89] 1.00[0.83,1.00 — = —a
Cho 2008a [32] 3 0 4 20 0.90(0.76,0.97] 1.00(0.83, 1.00] —& —a
Cho 2008h [33] 34 0 6 20 0.85[0.70,0.94] 1.00[0.83,1.00 —a —a
Cho 2008h [33] 3% 0 5 20 0.88[0.73, 0.96] 1.00[0.83,1.00 — —
Damle, 2016 [34] 67 0 10 171 0.87[0.77,0.94] 1.00[0.98,1.00 —& L]
Galo 2017 [35] 13 1 3 &1 0.97 [0.93, 0.99] 0.99[0.93,1.00 - -
Khan 2014 [25] 68 2 0 26 1.00[0.95,1.00] 0.93[0.76,0.99) - —=
Khan 2014 [25] 67 0 1 28 0.99[0.92, 1.00] 1.00[0.88,1.00 - —a
Matheus 2015 [40] 15 1 0 42 1.00(0.78,1.00] 0.98(0.88, 1.00] —a —a
Priya 2014 [43] 48 2 0 40 1.00[0.93,1.00] 0.95[0.84,0.99] - —=
Theillet 2019 [45] 24 1 10 43 0.71[0.53, 0.85) 0.98(0.88, 1.00 —— —=
Verma 2014 [46] 115 0 8 72 0.93[0.88,0.97] 1.00[0.95,1.00 - -
Wang 2019 [47] 10 3 2 94 0.83[0.52,0.98) 0.97 [0.91,0.99) — -
Wasonga 2015 [48] 51 3 § 88 0.91[0.80,0.97] 0.97 [0.91,0.89] —= -
Yap 2010 [49] 96 2 94 48 0.51[0.43,0.58] 0.96 [0.86, 1.00] - —=
‘Yap 2010 [49] 95 2 0 48 1.00(0.96, 1.00] 0.96 (0.86, 1.00] - ==
Yap 2010 [49] 118 2 72 48 0.62[0.55, 0.69] 0.96 [0.86, 1.00] - —=
‘Yap 2010 [49] 95 2 0 48 1.00(0.96, 1.00] 0.96 [0.86, 1.00] f I =
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IgM_commercial

Study TP FP FN TN itivity (95% CI) ificity (95% CI) itivity (95% CI) ificity (95% CI)
Blacksell 2011 [31] 2 15 50 225 0.04(0.00,0.13] 0.94 [0.90,0.96) = -
Blacksell 2011 [31] 2 18 50 222 0.04[0.00,0.13] 0.93[0.88,0.95 a
Blacksell 2011 [31] 44 21 8 219 0.85(0.72,0.93] 0.91[0.87, 0.95] — -
Johnson 2016 (CARPHA) [13] 26 0 0 10 1.00(0.87,1.00] 1.00[0.69, 1.00] —a —a
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Johnson 2016 (CDC) [13] 2 0 14 4 0.13[0.02,0.38] 1.00[0.40,1.00) —%— —=
Johnson 2016 (CDC) [13] 0 0 27 18 0.00(0.00,0.13] 1.00[0.79, 1.00] ®— —a
Johnson 2016 (CDC) [13] 12 2 19 11 0.39(0.22,0.58] 0.85[0.55, 0.98] —— —
Johnson 2016 (CDC) [13] 00 24 7 0.00(0.00,0.14] 1.00 [0.59, 1.00) ®— —
Johnson 2016 (CDC) [13] 3 0 20 4 0.13[0.03,0.34] 1.00[0.40,1.00) —&— ——=
Johnson 2016 (NML) [13] 94 6 6 141 0.94[0.87,0.98] 0.96[0.91, 0.98] i -
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Kikuti 2020 [36] B1 19 5 181 0.92(0.83,0.97] 0.91[0.86, 0.94] —= -
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Kosasih 2012 [37] 27 0 105 74 0.20(0.14,0.28] 1.00(0.95, 1.00] - -
Kosasih 2012 [37] 67 8 65 66 0.51[0.42, 0.60] 0.89[0.80, 0.95] - —=
Lee 2020 [38] 57 1 0 162 1.00 [0.94, 1.00] 0.99(0.97,1.00] - a
Litzba 2008 [39] 127 2 4 13 0.97 [0.92,0.99] 0.98[0.94, 1.00] - -
Mendoza 2019 [41] 15 0 7 51 0.96 [0.91, 0.98] 1.00(0.93,1.00] - -
Prat 2014 [42] 34 7 M 0.30 [0.07, 0.65] 0.73[0.45,092) —%—— —
Prat 2014 [42] 2 1 8 14 0.20 [0.03, 0.56] 0.93[0.68,1.00) —®—— —=
Prat 2014 [42] 22 3 6 22 0.79(0.59,0.92] 0.88[0.69, 0.97] —— —
Prat 2014 [42] 22 5 4 19 0.85 [0.65, 0.96] 0.79[0.58, 0.93] —& —
Rianthavorn 2010 [44] 33 17 153 164 0.18(0.13,0.24] 0.91[0.85,094 ® -
Rianthavorn 2010 [44] 67 23 14 56 0.83(0.73,0.90] 0.71 [0.60,0.81] —& —&
Yap 2010 [49] 24 0 67 50 0.26(0.18,0.37] 1.00(0.93,1.00] == -
Yap 2010 [49] 23 0 20 50 0.53[0.38, 0.69] 1.00(0.93,1.00] —— -
Yap 2010 [49] 92 0 98 50 0.48 [0.41, 0.56] 1.00(0.93,1.00] - -
‘Yap 2010 [49] 95 0 0 50 1.00 [0.96, 1.00] 1o0(093 1000  , ., . . W ., ., L . 0
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Fig 4. Forest plot for IgM detection test based on in-house developed and commercial test; CI, confidence
interval; TP, true positive; FP, false positive; FN, false negative; TN, true negative.

https://doi.org/10.1371/journal.pntd.0010152.9004

IgM rapid tests had the lowest diagnostic performance compared to ELISA-based and IFA.
Despite having the highest accuracy, IFA requires more expensive equipment and reagents. In
addition, we found that in-house developed IgM tests had higher diagnostic performance com-
pared to commercial tests. This finding is consistent with an external quality assurance report
that found in-house developed ELISA tests to be more sensitive than commercial ELISA tests
[60]. We are concerned that case-control design would lead to the overestimation of perfor-
mance of the in-house developed IgM tests. Nonetheless, excluding the case-control studies
from the meta-analysis showed a similar result (see S2 Table). Thus, this strengthens the
notion that the accuracy of in-house developed tests is better than commercial tests.

According to the CDC testing algorithm, the PRNT is required to confirm a positive IgM
test in diagnosing CHIKV disease [56]. Our meta-analysis showed that the IgM test had more
than 97% specificity, regardless of test formats. More than half of the index tests evaluated in
this meta-analysis included other pathogen positive samples (e.g., dengue, ONN, and RRV) in
determining the cross-reactivity of the tests (partial cohort partial case-control study). These
results validated the high specificity of the IgM tests, which could imply that PRNT may not be
needed as a confirmatory test for positive cases determined by IgM tests.
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Galo 2017 [35) 13 1 3 % 0.97 [0.93,0.99] 0.99(0.93,1.00] - -
Kikuti 2020 [36] 6 5 144 214 0.04(0.01,0.09 0.98(0.95,0.99] ® s
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Fig 5. Forest plot for IgM detection test based on time of sampling; CI, confidence interval; TP, true positive; FP,
false positive; FN, false negative; TN, true negative.

https://doi.org/10.1371/journal.pntd.0010152.g005

On the other hand, IgG antibodies can be detected approximately from day 7 to 10 post
symptom onset and remain detectable for months to years [56]. Correspondingly, our meta-
analysis showed that IgG detection tests had more than 93% sensitivity and specificity for sam-
ples collected between days 7 to 90 of post symptom onset. As CHIKV IgG antibodies persist
for years, a second sample should be collected three weeks apart to rule out past infection. As
stated in the WHO guidelines, a recent CHIKV diagnosis can be confirmed if there is a four-
fold increase in IgG titer between the samples [10]. However, obtaining second samples from
the patients is not always possible. In such situation, the presence of the CHIKV IgG antibody
in a single sample should be interpreted in correlation with the clinical presentation of the

patients.
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Fig 6. Forest plot for IgG detection test based on test format; CI, confidence interval; TP, true positive; FP, false
positive; FN, false negative; TN, true negative.

https://doi.org/10.1371/journal.pntd.0010152.9006
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Table 8. Analysis for IgG detection tests.

Number of index test | Sample size Pooled Sensitivity P-value Pooled Specificity P-value
Percentage [95% CI] P [95% CI] Percentage [95% CI] F [95% CI]

Test format
IFA 2 243 96.0 [89.9; 98.5] 0.0% [0.0; 0.0] 0.269 * 99.1 [61.0; 100] 0.0% [0.0;0.0] | 0.220°
ELISA-based 10 1147 93.0 [85.9; 96.6] 83.6% [71.3; 90.6] 96.4 [91.2; 98.6] 4.0% [0.0; 63.9]
Rapid test 3 438 99.3 [28.8; 100] 0.0% [0.0; 0.0] 100 [0.0; 100] 0.0% [0.0; 0.0]
Commercial vs In-house
Commercial 9 1038 95.3 [87.4; 98.4] 82.3% [67.6;90.3] | 0.475° 97.8 [91.6; 99.4] 0.0% [0.0;50.9] | 0.238"
In-house 6 790 93.2 [82.8; 97.5] 72.4% [36.3; 88.0] 99.6 [89.5; 100] 0.0% [0.0; 59.9]

Abbreviations: CI, confidence interval; ELISA, enzyme-linked immunosorbent assay; [FA, Immunofluorescent assay; I, Inconsistency

? Kruskal-Wallis test
® Mann-Whitney test

https://doi.org/10.1371/journal.pntd.0010152.t008

There was no difference in the diagnostic performance of the IgG rapid test, IFA, and
ELISA-based test. Among these tests, rapid tests are attractive because they are easy to per-
form, do not require expensive equipment, and the result can be obtained within a minute.
Two commercial IgG rapid tests with promising diagnostic accuracy are recently available
[38,47], but further evaluation with multiple prospective cohort studies is needed to provide
comprehensive data for meta-analysis.

In summary, IgM and IgG antibody detection tests had high accuracy (>90%) for samples
collected in the convalescent phase of CHIKV infection. The detection of IgM indicates recent
infection, while a second sample collected at least 3 weeks apart is needed for the positive IgG
test to rule out past infection.

4.3 Diagnostic performance of CHIKV commercial test kits

To our best knowledge, this is the first review that assessed the diagnostic accuracy of commer-
cial tests for CHIKV. As mentioned above, the accuracy of the IgM detection test was very low
for samples collected <7 days post symptom onset. Most commercial test kits recommend
testing using samples collected between 6 to 8 days post symptom onset. Thus, we omitted
acute-phase samples (< 7 days post symptom onset) from this analysis, and we found that the
heterogeneity was low for almost all the commercial kits tested.
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Fig 7. Forest plot for IgG detection test based on in-house developed and commercial test; CI, confidence interval;
TP, true positive; FP, false positive; FN, false negative; TN, true negative.

https://doi.org/10.1371/journal.pntd.0010152.g007
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Table 9. Subgroup analysis for commercial tests.

Manufacturer Number of | Sample Pooled Sensitivity Sensitivity Pooled Specificity Specificity
studies size Percentage P reported by Percentage P reported by
[95% CI] [95% CI] manufacturer [95% CI] [95% CI] manufacturer

ELISA-based
Anti-CHIKV ELISA | Euroimmun 6 895 95.3 25.5% 98.1 95.2 66.6% 98.9
(IgM) Liibeck, Germany [92.9;97.0] | [0.0; 64.0] [84.9; 98.6] | [20.3;86.0]
Anti-CHIKV ELISA | Euroimmun 3 295 95.5 30.4% NA 91.5 55.0% NA
(IgG) Liibeck, Germany [91.6;97.6] | [0.0;92.8] [78.0;97.1] | [0.0; 87.2]
SD Chikungunya Standard 2 336 65.3 93.9% 93.6 90.9 0.0% 95.9
IgM ELISA Diagnostics Inc., [28.9; 89.8] | [80.7;98.1] [86.7;93.9] [0.0; 0.0]

Yongin-si, Korea
Anti-Chikungunya Abcam, UK 2 116 100 0.0% >90 97.7 0.0% >90
Virus IgM Human [0; 100] [0.0; 0.0] [85.6; 99.7] [0.0; 0.0]
ELISA Kit
CHIKjj Detect InBios, Seattle, WA, 3 378 98.6 0.0% >90 92.0 0.0% >90
MAC-ELISA USA [64.9; 100] [0.0; 0.0] [87.9; 94.8] [0.0; 0.0]
Immunofluorescence assay (IFA)
Anti-CHIKV IIFT Euroimmun 2 243 96.0 0.0% 95 99.1 0.0% 96
(IgG) Liibeck, Germany [89.9;98.5] | [0.0;0.0] [61; 100] [0.0; 0.0]
Anti-CHIKV IIFT Euroimmun 4 499 98.1 0.0% 100 98.6 0.0% 96
(IgM) Liibeck, Germany [91.55 99.6] [0.0; 0.0] [95.8; 99.5] [0.0; 72.6]
Rapid test
On-site CHIK IgM CTK Biotech Inc., 3 145 27.9 81.0% 90.4 98.7 0.0% 98
Combo Rapid test San Diego, CA, [10.8; 55.2] | [40.5; 93.9] [84.9; 99.9] [0.0; 0.0]

USA
SD BIOLINE Standard 3 216 19.1 80.7% 97.1 733 0.0% 98.9
ChikungunyaIgM | Diagnostics Inc., [0.6;90.0] | [39.4;93.8] (63.8;81.0] | [0.0;0.0]

Yongin-si, Korea

Abbreviations: CI, confidence interval; NA, not available; I, Inconsistency.

https://doi.org/10.1371/journal.pntd.0010152.t009

Our meta-analysis supported the findings reported by Johnson et al. [13], which showed
high diagnostic performance of the test kits manufactured by Euroimmun (Liibeck, Germany),
Abcam (Cambridge, UK), and Inbios (Seattle, WA, USA). However, according to the authors,
IFA developed by Euroimmun (Litbeck, Germany) needed more testing for equivocal results

Table 10. Subgroup analysis for study design.

Number of index test Pooled Sensitivity P-value Pooled Specificity P-value
Percentage Percentage
[95% CI] [95% CI] [95% CI] [95% CI]

IgM
Case-control 10 93.1[86.3;96.7] | 72.5% [47.9;85.5] | 0.001% | 99.3 [98.1;99.7] 0.0% [0.0; 0.0] <0.001°
Cohort/partial cohort partial case-control 38 83.2 [62.2;93.7] | 92.4% [90.5; 93.9] 96.1 [94.0; 97.5] | 47.4% [23.0; 64.0]
IgG
Case-control 6 95.0 [89.6; 97.7] | 76.3% [46.8;89.4] | <0.9057 | 99.8 [84.1; 100] 0.0% 0.015*°
Cohort/partial cohort partial case-control 9 94.3 [82.6; 98.3] | 65.3% [29.4; 83.0] 94.6 [89.0;97.4] | 0.0% [0.0; 58.1]
Abbreviations: CI, confidence interval; I, Inconsistency
? Mann-Whitney test
https://doi.org/10.1371/journal.pntd.0010152.t1010
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Fig 8. Overall percentage of risk of bias and applicability concern using the QUADAS-2 tool.
https://doi.org/10.1371/journal.pntd.0010152.g008

due to background fluorescence which may not be applicable in a real clinical setting. We also
found that the diagnostic accuracy of most of the commercial tests reported in this review was
lower than the accuracy mentioned by the manufacturers except for ELISA-based tests devel-
oped by Abcam (Cambridge, UK) and Inbios (Seattle, WA). Although the accuracy of these
two tests was high, more studies using diverse samples population should be carried out to
ascertain its use in other regions. Of note, among all the commercial tests evaluated in this
review, only CHIKjj Detect MAC-ELISA (InBios, Seattle, WA, USA) has Conformité Europé-
enne (CE) marking.

4.4 The impact of the study quality

4.4.1 Study design. The partial cohort partial case-control studies included other patho-
gens positive samples to evaluate the cross-reactivity of the tests. The ability of the tests to dis-
cern CHIKV from other pathogens is important because alphaviruses such as ONN and RRV
are prevalent, especially in Sub-Saharan Africa and Australia. In tropical countries, samples
positive for DENV are always used for specificity check due to the co-prevalence of CHIKV
and DENV within the same region. The inclusion of these well-defined samples in partial
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Fig 9. Funnel plot asymmetry test to assess publication bias. Each dot represents an individual study, and the dashed
line represents the regression line. P-value = 0.236.

https://doi.org/10.1371/journal.pntd.0010152.9009
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cohort partial case-control studies is unlikely to increase the risk of bias and thus were grouped
with cohort studies.

One of the issues identified in most diagnostic accuracy studies is the flaw in the study
design [61]. Because CHIKV patient samples are difficult to obtain, case-control studies are
used for CHIKYV diagnostic accuracy research. In this study design, the spectrum between
individuals without chikungunya disease is widely separated from those with chikungunya dis-
ease. As a result, discerning between people who have the disease and those who have not is
much easier. The case-control study design is expected to cause an overestimation in the diag-
nostic accuracy, which was observed in our analysis. The sensitivity and specificity of case-con-
trol study design were higher than cohort and partial cohort partial case-control study design,
but not for the sensitivity of the IgG detection test. There was no statistical difference in the
IgG sensitivity for the two study designs. Nevertheless, the case-control studies included sam-
ples from two distinct sources of populations (healthy and CHIKV positive), and these samples
did not represent the population in a real clinical setting [62].

In summary, the cohort study design is the ideal study design in determining diagnostic
accuracy. However, it is not always feasible for most studies, especially in countries with a low
prevalence of chikungunya. Although the accuracy estimates from the case-control study
design may not represent the actual value, this study design is an alternative to cohort study
design, especially in determining the accuracy of a test in its developmental phase.

4.4.2 Quality assessment of bias and application. The high risk of bias in the patient
selection domain was mainly contributed by studies that applied case-control study design
[23,30,38,39,41,45,46,52,54]. As mentioned previously, the case-control study design could
exaggerate the test accuracy and thus may not reflect the actual accuracy.

For the index test domain, almost all the studies did not mention whether the index test
results were interpreted without knowing the result of the reference standard. There is a high
risk of bias as the interpretation of index test results can be influenced by knowledge of the ref-
erence standard. The ELISA-based test results were categorised into positive, borderline (or
equivocal), and negative based on the obtained OD (absorbance) or a ratio. To simplify the
analysis, some studies coded the borderline or equivocal samples as positive [41] and negative
[13,50]. A study coded equivocal results for the immunochromatographic test as negative [31].
Although not described in the study, the equivocal result for ICT can be defined as ambiguous
test lines observed. The inclusion of inconclusive results (borderline or equivocal) in the analy-
sis will increase the risk of bias. However, as the number of borderline and equivocal samples
(19 out of 10563) in this study was very small, the inclusion of these data will not affect the gen-
eral result of the meta-analysis.

There was no bias recorded for the reference standard domain. Different reference stan-
dards were used in the diagnostic accuracy studies since no gold standard is available for diag-
nosing CHIKV. This meta-analysis specifies direct detection methods such as virus isolation
and molecular-based method as the reference standard for antigen detection tests to ensure
that the samples were collected during the viral stage. Some studies used molecular tests as the
reference standards [36,41], and subsequent samples collected from the same patient were
used for IgM or IgG accuracy studies. Although not wrong, each patient’s immune response
can be varied against CHIKV. Some patients may not develop antibodies against CHIKV, and
thus the use of these samples could lead to the low sensitivity of the test. Analysis based on the
reference standard used was not done in this study due to the variations of the reference stan-
dard even in a single study. Most studies briefly mentioned the reference standard used and
did not provide detailed data. Thus, it is difficult to extract data based on the reported refer-
ence standard and perform further analysis.
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For the flow and timing domain, the reference and index tests should be performed at the
same or almost the same time point. However, as chikungunya disease is not available year-
round, most of the studies in this review use retrospective samples (samples pre-defined in
other studies) to determine the accuracy of the test, therefore we rated this domain as low risk
of bias.

5. Strengths and limitations of the review

This systematic review and meta-analysis followed a standard protocol registered in the PROS-
PERO database (CRD42021227523) and PRISMA-DTA review methodology. We carried out
our literature search based on the quality of the study design, test formats, and type of analytes.
We evaluated the diagnostic accuracy of serological tests detecting CHIKV antigen, IgM, and
IgG antibody, which were applicable in different phases (acute and convalescent) of CHIKV
infection. Furthermore, we analysed the diagnostic performance of the available commercial
test kits for CHIKV and compared it with the diagnostic accuracy reported by the
manufacturers.

Our review also has several limitations. Following the subgroup analysis, there was hetero-
geneity between groups that could not be explained by the findings of our study. This hetero-
geneity may be explained by performing analyses on other possible sources such as different
lineages of CHIKYV utilised to prepare antigen or antibody, the nature of antigen (recombinant
protein or inactive virus), the sample population (country, origin, or CHIKV lineage), and
types of the reference standards.

One of the characteristics that affect the width of the confidence interval is the sample size
[63]. Due to the small sample size, some of the analyses showed a wide range of 95% confi-
dence interval. For example, the heterogeneity (I°) for the specificity of the rapid (95% CI 0 to
85.7) and ELISA-based (95%CI 0 to 85.1) antigen detection tests had a wide 95% confidence
interval. A similar observation was seen for the specificity of the rapid IgG test (95% CI 0.0 to
100). Wide confidence often indicates that the estimated results provide less certain informa-
tion. Therefore, at this point, we have a low level of certainty for analysis with a wide confi-
dence interval.

In addition, only a subset of the studies included in this review provides information with
respect to the time of sample collection. The sampling time is significant since the detection
effectiveness of the test varies depending on the presence of analytes in the patient’s sample.
Other information such as blinding of the reference test result when interpreting index test,
the expertise of the person who performs IFA, and samples conditions, are also important to
grasp sources of variance and evaluate applicability. We strongly recommend employing a pro-
spective cohort study design and a full report on the methodology associated with reference
and index tests for a more accurate estimation of the diagnostic accuracy for CHIKV serologi-
cal testing.

6. Conclusion

According to our meta-analysis, depending on the time of samples collection, antigen and
antibody-based serological tests can accurately diagnose CHIKV. Antigen detection tests are
an effective diagnostic test for samples obtained during the acute phase (1 to 7 days post symp-
tom onset), whereas IgM and IgG detection tests can be used for samples collected in the con-
valescent phase (>7 days post symptom onset). In correlation to the clinical presentation of
the patients, the combination of the IgM and IgG tests can differentiate recent and past infec-
tions. Several commercial IgM and IgG assays have been recognised as promising, which
included kits from Euroimmun (Liibeck, Germany), Abcam (Cambridge, UK), and Inbios
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(Seattle, WA). The caveats to the finding of this meta-analysis are inconclusive reporting of
data in this review and low quality of reporting in diagnostic test accuracy studies.

Supporting information

S1 Checklist. PRISMA-DTA checklist. Preferred reporting items for a systematic review and
meta-analysis of diagnostic test accuracy studies.
(DOCX)

S2 Checklist. PRISMA-DTA for the abstract checklist.
(DOCX)

S1 Appendix. Search strategy used for PubMed and CINAHL Complete and Scopus data-
bases.
(DOCX)

S$2 Appendix. QUADAS-2 Validation form.
(DOCX)

S1 Fig. Forest plot for antigen, IgM, IgG, and neutralising antibodies test; CI, confidence
interval; TP, true positive; FP, false positive; FN, false negative; TN, true negative; [S1 Ref-
erence list].

(TIF)

S2 Fig. Risk of bias and applicability concerns assessment of individual studies using the
QUADAS-2 tool; [S2 Reference list].
(TIF)

S1 Reference list. Reference list for S1 Fig.
(PDF)

S2 Reference list. Reference list for S2 Fig.
(PDF)

S1 Table. Section A: Characteristics of commercial ELISA-based tests included in the meta-
analysis. section B: Characteristics of commercial Immunofluorescence assays included in the
meta-analysis. section C: Characteristics of commercial rapid tests included in the meta-analy-
sis.

(DOCX)

S2 Table. Analysis of commercial versus in-house developed IgM tests with the exclusion

of case-control study.
(DOCX)

Acknowledgments

We acknowledge Dr. Mariska L. (University of Amsterdam) for providing valuable suggestions
and Dr. Dayang E.Z. (Universiti Malaysia Sarawak) for her critical review of the articles.

Author Contributions
Conceptualization: Anna Andrew, Ewe Seng Ch’ng, Thean-Hock Tang.
Data curation: Anna Andrew, Ernest Mangantig.

Formal analysis: Anna Andrew, Ernest Mangantig.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010152  February 4, 2022 24/28


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s009
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010152.s010
https://doi.org/10.1371/journal.pntd.0010152

PLOS NEGLECTED TROPICAL DISEASES Diagnostic accuracy of serological tests for the diagnosis of Chikungunya virus infection

Investigation: Anna Andrew, Tholasi Nadhan Navien, Tzi Shien Yeoh, Ewe Seng Ch’ng.
Methodology: Anna Andrew, Ewe Seng Ch’ng, Thean-Hock Tang.

Project administration: Anna Andrew.

Resources: Anna Andrew.

Software: Anna Andrew, Ernest Mangantig.

Supervision: Thean-Hock Tang.

Validation: Ewe Seng Ch’ng.

Visualization: Marimuthu Citartan, Magdline S. H. Sum, Thean-Hock Tang.

Writing - original draft: Anna Andrew.

Writing - review & editing: Tholasi Nadhan Navien, Tzi Shien Yeoh, Marimuthu Citartan,
Ernest Mangantig, Magdline S. H. Sum, Ewe Seng Ch’ng, Thean-Hock Tang.

References

1. Robinson MC. An epidemic of virus disease in Southern Province, Tanganyika territory, in 1952—-1953.
Transactions of the royal society of tropical medicine and hygiene. 1955; 49(1):28-32. https://doi.org/
10.1016/0035-9203(55)90080-8 PMID: 14373834

2. Powers AM, Brault AC, Tesh RB, Weaver SC. Re-emergence of Chikungunya and O’nyong-nyong
viruses: evidence for distinct geographical lineages and distant evolutionary relationships. Microbiology.
2000; 81(2):471-9. https://doi.org/10.1099/0022-1317-81-2-471 PMID: 10644846

3. Schuffenecker |, lteman |, Michault A, Murri S, Frangeul L. Genome microevolution of chikungunya
viruses causing the Indian Ocean outbreak. PLoS Med. 2006; 3(7):e263. https://doi.org/10.1371/
journal.pmed.0030263 PMID: 16700631

4. Arankalle VA, Shrivastava S, Cherian S, Gunjikar RS, Walimbe AM, Jadhav SM, et al. Genetic diver-
gence of Chikungunya viruses in India (1963—2006) with special reference to the 2005-2006 explosive
epidemic. Journal of General Virology. 2007; 88(7):1967—76.

5. Hapuarachchi H, Bandara K, Sumanadasa S, Hapugoda M, Lai Y-L, Lee K-S, et al. Re-emergence of
Chikungunya virus in South-east Asia: virological evidence from Sri Lanka and Singapore. Journal of
General Virology. 2010; 91(4):1067—76. https://doi.org/10.1099/vir.0.015743-0 PMID: 19955565

6. BurtFJ, Chen W, Miner JJ, Lenschow DJ, Merits A, Schnettler E, et al. Chikungunya virus: an update
on the biology and pathogenesis of this emerging pathogen. The Lancet Infectious Diseases. 2017; 17
(4):e107—e17. https://doi.org/10.1016/S1473-3099(16)30385-1 PMID: 28159534

Rezza G. Chikungunya is back in Italy: 2007—2017. Journal of travel medicine. 2018; 25(1):tay004.

8. DeebaF, Haider M, Ahmed A, Tazeen A, Faizan M, Salam N, et al. Global transmission and evolution-
ary dynamics of the Chikungunya virus. Epidemiology & Infection. 2020; 148. https://doi.org/10.1017/
$0950268820000497 PMID: 32070451

9. Huits R, De Kort J, Van Den Berg R, Chong L, Tsoumanis A, Eggermont K, et al. Chikungunya virus
infection in Aruba: Diagnosis, clinical features and predictors of post-chikungunya chronic polyarthral-
gia. PloS one. 2018; 13(4):e0196630. https://doi.org/10.1371/journal.pone.0196630 PMID: 29709007

10. World Health Organization. Regional Office for South-East A. Guidelines for prevention and control of
chikungunya fever. New Delhi: WHO Regional Office for South-East Asia; 2009 2009.

11. Mascarenhas M, Garasia S, Berthiaume P, Corrin T, Greig J, Ng V, et al. A scoping review of published
literature on chikungunya virus. PloS one. 2018; 13(11):e0207554. hitps://doi.org/10.1371/journal.
pone.0207554 PMID: 30496207

12. Mclnnes MDF, Moher D, Thombs BD, McGrath TA, Bossuyt PM, Clifford T, et al. Preferred Reporting
Items for a Systematic Review and Meta-analysis of Diagnostic Test Accuracy Studies: The PRISMA-
DTA Statement. Jama. 2018; 319(4):388-96. https://doi.org/10.1001/jama.2017.19163 PMID:
29362800

13. Johnson BW, Goodman CH, Holloway K, de Salazar PM, Valadere AM, Drebot MA. Evaluation of Com-
mercially Available Chikungunya Virus Immunoglobulin M Detection Assays. Am J Trop Med Hyg.
2016; 95(1):182—92. https://doi.org/10.4269/ajtmh.16-0013 PMID: 26976887

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010152  February 4, 2022 25/28


https://doi.org/10.1016/0035-9203%2855%2990080-8
https://doi.org/10.1016/0035-9203%2855%2990080-8
http://www.ncbi.nlm.nih.gov/pubmed/14373834
https://doi.org/10.1099/0022-1317-81-2-471
http://www.ncbi.nlm.nih.gov/pubmed/10644846
https://doi.org/10.1371/journal.pmed.0030263
https://doi.org/10.1371/journal.pmed.0030263
http://www.ncbi.nlm.nih.gov/pubmed/16700631
https://doi.org/10.1099/vir.0.015743-0
http://www.ncbi.nlm.nih.gov/pubmed/19955565
https://doi.org/10.1016/S1473-3099%2816%2930385-1
http://www.ncbi.nlm.nih.gov/pubmed/28159534
https://doi.org/10.1017/S0950268820000497
https://doi.org/10.1017/S0950268820000497
http://www.ncbi.nlm.nih.gov/pubmed/32070451
https://doi.org/10.1371/journal.pone.0196630
http://www.ncbi.nlm.nih.gov/pubmed/29709007
https://doi.org/10.1371/journal.pone.0207554
https://doi.org/10.1371/journal.pone.0207554
http://www.ncbi.nlm.nih.gov/pubmed/30496207
https://doi.org/10.1001/jama.2017.19163
http://www.ncbi.nlm.nih.gov/pubmed/29362800
https://doi.org/10.4269/ajtmh.16-0013
http://www.ncbi.nlm.nih.gov/pubmed/26976887
https://doi.org/10.1371/journal.pntd.0010152

PLOS NEGLECTED TROPICAL DISEASES Diagnostic accuracy of serological tests for the diagnosis of Chikungunya virus infection

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, et al. QUADAS-2: a revised
tool for the quality assessment of diagnostic accuracy studies. Annals of internal medicine. 2011; 155
(8):529-36. https://doi.org/10.7326/0003-4819-155-8-201110180-00009 PMID: 22007046

Campbell JM, Klugar M, Ding S, Carmody DP, Hakonsen SJ, Jadotte YT, et al. Diagnostic test accu-
racy: methods for systematic review and meta-analysis. JBI Evidence Implementation. 2015; 13
(3):154-62.

Deeks JJ, Macaskill P, Irwig L. The performance of tests of publication bias and other sample size
effects in systematic reviews of diagnostic test accuracy was assessed. Journal of clinical epidemiol-
ogy. 2005; 58(9):882—93. https://doi.org/10.1016/j.jclinepi.2005.01.016 PMID: 16085191

Kumar J, Khan M, Gupta G, Bhoopati M, Lakshmana Rao PV, Parida M. Production, characterization,
and application of monoclonal antibodies specific to recombinant (E2) structural protein in antigen-cap-
ture ELISA for clinical diagnosis of Chikungunya virus. Viral Immunol. 2012; 25(2):153-60. https://doi.
org/10.1089/vim.2011.0068 PMID: 22420756

Yathi KK, Joseph JM, Bhasker S, Kumar R, Chinnamma M. Recombinant CHIK virus E1 coat protein of
11 KDa with antigenic domains for the detection of Chikungunya. J Immunol Methods. 2011; 372(1-
2):171-6. https://doi.org/10.1016/j.jim.2011.07.011 PMID: 21798263

Yang Z, Lee J, Ahn H-J, Chong C-K, Dias RF, Nam H-W. Western blot detection of human anti-Chikun-
gunya virus antibody with recombinant envelope 2 protein. The Korean journal of parasitology. 2016; 54
(2):239. https://doi.org/10.3347/kjp.2016.54.2.239 PMID: 27180586

Arya SC, Agarwal N. Rapid point-of-care diagnosis of chikungunya virus infection. Asian Pacific Journal
of Tropical Disease. 2011.

Shukla J, Khan M, Tiwari M, Sannarangaiah S, Sharma S, Rao PVL, et al. Development and evaluation
of antigen capture ELISA for early clinical diagnosis of chikungunya. Diagnostic Microbiology and Infec-
tious Disease. 2009. https://doi.org/10.1016/j.diagmicrobio.2009.06.017 PMID: 19748424

Huits R, Okabayashi T, Cnops L, Barbé B, Van Den Berg R, Bartholomeeusen K, et al. Diagnostic accu-
racy of a rapid E1-antigen test for chikungunya virus infection in a reference setting. Clin Microbiol
Infect. 2018; 24(1):78-81. https://doi.org/10.1016/j.cmi.2017.06.004 PMID: 28606643

Jain J, Okabayashi T, Kaur N, Nakayama E, Shioda T, Gaind R, et al. Evaluation of an immunochroma-
tography rapid diagnosis kit for detection of chikungunya virus antigen in India, a dengue-endemic coun-
try. Virol J. 2018; 15(1):84. https://doi.org/10.1186/s12985-018-1000-0 PMID: 29751761

Kashyap RS, Morey SH, Ramteke SS, Chandak NH, Parida M, Deshpande PS, et al. Diagnosis of Chi-
kungunya fever in an Indian population by an indirect enzyme-linked immunosorbent assay protocol
based on an antigen detection assay: a prospective cohort study. Clin Vaccine Immunol. 2010; 17
(2):291-7. https://doi.org/10.1128/CV1.00326-09 PMID: 20007365

Khan M, Dhanwani R, Kumar JS, Rao PV, Parida M. Comparative evaluation of the diagnostic potential
of recombinant envelope proteins and native cell culture purified viral antigens of Chikungunya virus. J
Med Virol. 2014; 86(7):1169-75. https://doi.org/10.1002/jmv.23752 PMID: 24105844

Okabayashi T, Sasaki T, Masrinoul P, Chantawat N, Yoksan S, Nitatpattana N, et al. Detection of chi-
kungunya virus antigen by a novel rapid immunochromatographic test. J Clin Microbiol. 2015; 53
(2):382-8. https://doi.org/10.1128/JCM.02033-14 PMID: 25411170

Reddy A, Bosch |, Salcedo N, Herrera BB, de Puig H, Narvaez CF, et al. Development and Validation of
a Rapid Lateral Flow E1/E2-Antigen Test and ELISA in Patients Infected with Emerging Asian Strain of
Chikungunya Virus in the Americas. Viruses. 2020; 12(9). https://doi.org/10.3390/v12090971 PMID:
32882998

Suzuki K, Huits R, Phadungsombat J, Tuekprakhon A, Nakayama EE, van den Berg R, et al. Promising
application of monoclonal antibody against chikungunya virus E1-antigen across genotypes in immuno-
chromatographic rapid diagnostic tests. Virol J. 2020; 17(1):90. https://doi.org/10.1186/s12985-020-
01364-4 PMID: 32615978

Bagno FF, Goddi LC, Figueiredo MM, Rodrigues Sérgio SA, de Fatima Silva Moraes T, de Castro Sala-
zar N, et al. Chikungunya E2 protein produced in E. coli and HEK293-T cells—comparison of their per-
formances in ELISA. Viruses. 2020. https://doi.org/10.3390/v12090939 PMID: 32858804

Bhatnagar S, Kumar P, Mohan T, Verma P, Parida MM, Hoti SL, et al. Evaluation of multiple antigenic
peptides based on the Chikungunya E2 protein for improved serological diagnosis of infection. Viral
Immunol. 2015; 28(2):107—-12. https://doi.org/10.1089/vim.2014.0031 PMID: 25412351

Blacksell SD, Tanganuchitcharnchai A, Jarman RG, Gibbons RV, Paris DH, Bailey MS, et al. Poor diag-
nostic accuracy of commercial antibody-based assays for the diagnosis of acute Chikungunya infection.
Clin Vaccine Immunol. 2011; 18(10):1773-5. https://doi.org/10.1128/CV|.05288-11 PMID: 21865416

Cho B, Jeon BY, Kim J, Noh J, Kim J, Park M, et al. Expression and evaluation of Chikungunya virus E1
and E2 envelope proteins for serodiagnosis of Chikungunya virus infection. Yonsei Med J. 2008; 49
(5):828-35. https://doi.org/10.3349/ym;j.2008.49.5.828 PMID: 18972604

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010152  February 4, 2022 26/28


https://doi.org/10.7326/0003-4819-155-8-201110180-00009
http://www.ncbi.nlm.nih.gov/pubmed/22007046
https://doi.org/10.1016/j.jclinepi.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16085191
https://doi.org/10.1089/vim.2011.0068
https://doi.org/10.1089/vim.2011.0068
http://www.ncbi.nlm.nih.gov/pubmed/22420756
https://doi.org/10.1016/j.jim.2011.07.011
http://www.ncbi.nlm.nih.gov/pubmed/21798263
https://doi.org/10.3347/kjp.2016.54.2.239
http://www.ncbi.nlm.nih.gov/pubmed/27180586
https://doi.org/10.1016/j.diagmicrobio.2009.06.017
http://www.ncbi.nlm.nih.gov/pubmed/19748424
https://doi.org/10.1016/j.cmi.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28606643
https://doi.org/10.1186/s12985-018-1000-0
http://www.ncbi.nlm.nih.gov/pubmed/29751761
https://doi.org/10.1128/CVI.00326-09
http://www.ncbi.nlm.nih.gov/pubmed/20007365
https://doi.org/10.1002/jmv.23752
http://www.ncbi.nlm.nih.gov/pubmed/24105844
https://doi.org/10.1128/JCM.02033-14
http://www.ncbi.nlm.nih.gov/pubmed/25411170
https://doi.org/10.3390/v12090971
http://www.ncbi.nlm.nih.gov/pubmed/32882998
https://doi.org/10.1186/s12985-020-01364-4
https://doi.org/10.1186/s12985-020-01364-4
http://www.ncbi.nlm.nih.gov/pubmed/32615978
https://doi.org/10.3390/v12090939
http://www.ncbi.nlm.nih.gov/pubmed/32858804
https://doi.org/10.1089/vim.2014.0031
http://www.ncbi.nlm.nih.gov/pubmed/25412351
https://doi.org/10.1128/CVI.05288-11
http://www.ncbi.nlm.nih.gov/pubmed/21865416
https://doi.org/10.3349/ymj.2008.49.5.828
http://www.ncbi.nlm.nih.gov/pubmed/18972604
https://doi.org/10.1371/journal.pntd.0010152

PLOS NEGLECTED TROPICAL DISEASES Diagnostic accuracy of serological tests for the diagnosis of Chikungunya virus infection

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Cho B, Kim J, Cho JE, Jeon BY, Park S. Expression of the capsid protein of Chikungunya virus in a
baculovirus for serodiagnosis of Chikungunya disease. J Virol Methods. 2008; 154(1-2):154-9. https:/
doi.org/10.1016/j.jviromet.2008.07.031 PMID: 18761376

Damle RG, Jayaram N, Kulkarni SM, Nigade K, Khutwad K, Gosavi S, et al. Diagnostic potential of
monoclonal antibodies against the capsid protein of chikungunya virus for detection of recent infection.
Arch Virol. 2016; 161(6):1611-22. https://doi.org/10.1007/s00705-016-2829-4 PMID: 27016930

Galo SS, Gonzédlez K, Téllez Y, Garcia N, Pérez L, Gresh L, et al. Development of in-house serological
methods for diagnosis and surveillance of chikungunya. Rev Panam Salud Publica. 2017; 41:e56.
https://doi.org/10.26633/RPSP.2017.56 PMID: 28902269

Kikuti M, Tauro LB, Moreira PSS, Nascimento LCJ, Portilho MM, Soares GC, et al. Evaluation of two
commercially available chikungunya virus IgM enzyme-linked immunoassays (ELISA) in a setting of
concomitant transmission of chikungunya, dengue and Zika viruses. Int J Infect Dis. 2020; 91:38—43.
https://doi.org/10.1016/.ijid.2019.11.001 PMID: 31704226

Kosasih H, Widjaja S, Surya E, Hadiwijaya SH, Butarbutar DP, Jaya UA, et al. Evaluation of two IgM
rapid immunochromatographic tests during circulation of Asian lineage Chikungunya virus. Southeast
Asian J Trop Med Public Health. 2012; 43(1):55-61. PMID: 23082554

Lee H, RyuJH, Yun S, Jang JH, Choi AR, Cho SY, et al. Evaluation of a Newly Developed Rapid Auto-
mated Fluorescent Lateral Flow Immunoassay to Detect IgG and IgM Antibodies to Chikungunya Virus.
Infect Chemother. 2020; 52(4):611-5. https://doi.org/10.3947/ic.2020.52.4.611 PMID: 32757502

Litzba N, Schuffenecker |, Zeller H, Drosten C, Emmerich P, Charrel R, et al. Evaluation of the first com-
mercial chikungunya virus indirect immunofluorescence test. J Virol Methods. 2008; 149(1):175-9.
https://doi.org/10.1016/j.jviromet.2008.01.004 PMID: 18294706

Matheus S, Huc P, Labeau B, Bremand L, Enfissi A, Merle O, et al. The use of serum spotted onto filter
paper for diagnosing and monitoring Chikungunya virus infection. J Clin Virol. 2015; 71:89-92. https:/
doi.org/10.1016/j.jcv.2015.08.008 PMID: 26339948

Mendoza EJ, Robinson A, Dimitrova K, Mueller N, Holloway K, Makowski K, et al. Combining anti-IgM
and IgG immunoassays for comprehensive chikungunya virus diagnostic testing. Zoonoses Public
Health. 2019; 66(8):909-17. https://doi.org/10.1111/zph.12641 PMID: 31449360

Prat CM, Flusin O, Panella A, Tenebray B, Lanciotti R, Leparc-Goffart . Evaluation of commercially
available serologic diagnostic tests for chikungunya virus. Emerg Infect Dis. 2014; 20(12):2129-32.
https://doi.org/10.3201/eid2012.141269 PMID: 25418184

Priya R, Khan M, Rao MK, Parida M. Cloning, expression and evaluation of diagnostic potential of
recombinant capsid protein based IgM ELISA for chikungunya virus. J Virol Methods. 2014; 203:15-22.
https://doi.org/10.1016/j.jviromet.2014.03.005 PMID: 24681089

Rianthavorn P, Wuttirattanakowit N, Prianantathavorn K, Limpaphayom N, Theamboonlers A, Poovora-
wan Y. Evaluation of a rapid assay for detection of IgM antibodies to chikungunya. Southeast Asian J
Trop Med Public Health. 2010; 41(1):92—-6. PMID: 20578487

Theillet G, Grard G, Galla M, Maisse C, Enguehard M, Cresson M, et al. Detection of chikungunya
virus-specific IgM on laser-cut paper-based device using pseudo-patrticles as capture antigen. J Med
Virol. 2019; 91(6):899-910. https://doi.org/10.1002/jmv.25420 PMID: 30734316

Verma P, Bhatnagar S, Kumar P, Chattree V, Parida MM, Hoti SL, et al. Analysis of antibody response
(IgM, 1gG, 1gG3) to Chikungunya virus using a panel of peptides derived from envelope protein for sero-
diagnosis. Clinical Chemistry and Laboratory Medicine. 2014. https://doi.org/10.1515/cclm-2013-0363
PMID: 24088615

Wang R, Ongagna-Yhombi SY, Lu Z, Centeno-Tablante E, Colt S, Cao X, et al. Rapid Diagnostic Plat-
form for Colorimetric Differential Detection of Dengue and Chikungunya Viral Infections. Anal Chem.
2019; 91(8):5415-23. https://doi.org/10.1021/acs.analchem.9b00704 PMID: 30896928

Wasonga C, Inoue S, Kimotho J, Morita K, Ongus J, Sang R, et al. Development and Evaluation of an
in-House IgM-Capture ELISA for the Detection of Chikungunya and lts Application to a Dengue Out-
break Situation in Kenya in 2013. Jpn J Infect Dis. 2015; 68(5):410—4. https://doi.org/10.7883/yoken.
JJID.2014.482 PMID: 25866119

Yap G, PokKY, Lai YL, Hapuarachchi HC, Chow A, Leo YS, et al. Evaluation of Chikungunya diagnostic
assays: differences in sensitivity of serology assays in two independent outbreaks. PLoS Negl Trop Dis.
2010; 4(7):e7583. https://doi.org/10.1371/journal.pntd.0000753 PMID: 20651930

De Salazar PM, Valadere AM, Goodman CH, Johnson BW. Evaluation of three commercially-available
chikungunya virus immunoglobulin G immunoassays. Rev Panam Salud Publica. 2017; 41:e62. https://
doi.org/10.26633/RPSP.2017.62 PMID: 28902275

Fumagalli MJ, de Souza WM, Esposito DLA, Silva A, Romeiro MF, Martinez EZ, et al. Enzyme-linked
immunosorbent assay using recombinant envelope protein 2 antigen for diagnosis of Chikungunya
virus. Virol J. 2018; 15(1):112. https://doi.org/10.1186/s12985-018-1028-1 PMID: 30041676

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010152  February 4, 2022 27/28


https://doi.org/10.1016/j.jviromet.2008.07.031
https://doi.org/10.1016/j.jviromet.2008.07.031
http://www.ncbi.nlm.nih.gov/pubmed/18761376
https://doi.org/10.1007/s00705-016-2829-4
http://www.ncbi.nlm.nih.gov/pubmed/27016930
https://doi.org/10.26633/RPSP.2017.56
http://www.ncbi.nlm.nih.gov/pubmed/28902269
https://doi.org/10.1016/j.ijid.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/31704226
http://www.ncbi.nlm.nih.gov/pubmed/23082554
https://doi.org/10.3947/ic.2020.52.4.611
http://www.ncbi.nlm.nih.gov/pubmed/32757502
https://doi.org/10.1016/j.jviromet.2008.01.004
http://www.ncbi.nlm.nih.gov/pubmed/18294706
https://doi.org/10.1016/j.jcv.2015.08.008
https://doi.org/10.1016/j.jcv.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26339948
https://doi.org/10.1111/zph.12641
http://www.ncbi.nlm.nih.gov/pubmed/31449360
https://doi.org/10.3201/eid2012.141269
http://www.ncbi.nlm.nih.gov/pubmed/25418184
https://doi.org/10.1016/j.jviromet.2014.03.005
http://www.ncbi.nlm.nih.gov/pubmed/24681089
http://www.ncbi.nlm.nih.gov/pubmed/20578487
https://doi.org/10.1002/jmv.25420
http://www.ncbi.nlm.nih.gov/pubmed/30734316
https://doi.org/10.1515/cclm-2013-0363
http://www.ncbi.nlm.nih.gov/pubmed/24088615
https://doi.org/10.1021/acs.analchem.9b00704
http://www.ncbi.nlm.nih.gov/pubmed/30896928
https://doi.org/10.7883/yoken.JJID.2014.482
https://doi.org/10.7883/yoken.JJID.2014.482
http://www.ncbi.nlm.nih.gov/pubmed/25866119
https://doi.org/10.1371/journal.pntd.0000753
http://www.ncbi.nlm.nih.gov/pubmed/20651930
https://doi.org/10.26633/RPSP.2017.62
https://doi.org/10.26633/RPSP.2017.62
http://www.ncbi.nlm.nih.gov/pubmed/28902275
https://doi.org/10.1186/s12985-018-1028-1
http://www.ncbi.nlm.nih.gov/pubmed/30041676
https://doi.org/10.1371/journal.pntd.0010152

PLOS NEGLECTED TROPICAL DISEASES Diagnostic accuracy of serological tests for the diagnosis of Chikungunya virus infection

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kowalzik S, Xuan NV, Weissbrich B, Scheiner B, Schied T, Drosten C, et al. Characterisation of a chi-
kungunya virus from a German patient returning from Mauritius and development of a serological test.
Medical Microbiology and Immunology. 2008; 197(4):381-6. https://doi.org/10.1007/s00430-008-0090-
5PMID: 18351388

Kumar P, Pok KY, Tan LK, Angela C, Leo YS, Ng LC. Development and evaluation of baculovirus-
expressed Chikungunya virus E1 envelope proteins for serodiagnosis of Chikungunya infection. J Virol
Methods. 2014; 206:67—75. https://doi.org/10.1016/j.jviromet.2014.05.014 PMID: 24880071

Goh LYH, Kam YW, Metz SW, Hobson-Peters J, Prow NA, McCarthy S, et al. A sensitive epitope-block-
ing ELISA for the detection of Chikungunya virus-specific antibodies in patients. Journal of Virological
Methods. 2015. https://doi.org/10.1016/j.jviromet.2015.05.011 PMID: 26025459

Morey SH, Kashyap RS, Purohit HJ, Taori GM, Daginawala HF. An approach towards peptide-based
antibody detection for diagnosis of Chikungunya infection. Biomarkers. 2010; 15(6):546-52. https://doi.
org/10.3109/1354750X.2010.494200 PMID: 20550431

Johnson BW, Russell BJ, Goodman CH. Laboratory diagnosis of chikungunya virus infections and com-
mercial sources for diagnostic assays. The Journal of infectious diseases. 2016; 214(suppl_5):S471—
S4. https://doi.org/10.1093/infdis/jiw274 PMID: 27920176

Tanabe IS, Tanabe EL, Santos EC, Martins WV, Araujo IM, Cavalcante MC, et al. Cellular and molecu-
lar immune response to chikungunya virus infection. Frontiers in cellular and infection microbiology.
2018; 8:345. https://doi.org/10.3389/fcimb.2018.00345 PMID: 30364124

Revised diagnostic testing for Zika, chikungunya, and dengue viruses in US Public Health Laboratories.
2016.

Kumar R, Shrivastava T, Samal S, Ahmed S, Parray HA. Antibody-based therapeutic interventions:
possible strategy to counter chikungunya viral infection. Applied microbiology and biotechnology. 2020;
104(8):3209-28. https://doi.org/10.1007/s00253-020-10437-x PMID: 32076776

Jacobsen S, Patel P, Schmidt-Chanasit J, Leparc-Goffart I, Teichmann A, Zeller H, et al. External qual-
ity assessment studies for laboratory performance of molecular and serological diagnosis of Chikungu-
nya virus infection. Journal of Clinical Virology. 2016; 76:55-65. https://doi.org/10.1016/j.jcv.2016.01.
008 PMID: 26828561

Schmidt RL, Factor RE. Understanding sources of bias in diagnostic accuracy studies. Archives of
pathology & laboratory medicine. 2013; 137(4):558—65. https://doi.org/10.5858/arpa.2012-0198-RA
PMID: 23544945

Chassé M, Fergusson DA, editors. Diagnostic accuracy studies. Seminars in nuclear medicine; 2019:
Elsevier.

Du Prel J-B, Hommel G, Rohrig B, Blettner M. Confidence interval or p-value?: part 4 of a series on eval-
uation of scientific publications. Deutsches Arzteblatt International. 2009; 106(19):335. https://doi.org/
10.3238/arztebl.2009.0335 PMID: 19547734

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010152  February 4, 2022 28/28


https://doi.org/10.1007/s00430-008-0090-5
https://doi.org/10.1007/s00430-008-0090-5
http://www.ncbi.nlm.nih.gov/pubmed/18351388
https://doi.org/10.1016/j.jviromet.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24880071
https://doi.org/10.1016/j.jviromet.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26025459
https://doi.org/10.3109/1354750X.2010.494200
https://doi.org/10.3109/1354750X.2010.494200
http://www.ncbi.nlm.nih.gov/pubmed/20550431
https://doi.org/10.1093/infdis/jiw274
http://www.ncbi.nlm.nih.gov/pubmed/27920176
https://doi.org/10.3389/fcimb.2018.00345
http://www.ncbi.nlm.nih.gov/pubmed/30364124
https://doi.org/10.1007/s00253-020-10437-x
http://www.ncbi.nlm.nih.gov/pubmed/32076776
https://doi.org/10.1016/j.jcv.2016.01.008
https://doi.org/10.1016/j.jcv.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26828561
https://doi.org/10.5858/arpa.2012-0198-RA
http://www.ncbi.nlm.nih.gov/pubmed/23544945
https://doi.org/10.3238/arztebl.2009.0335
https://doi.org/10.3238/arztebl.2009.0335
http://www.ncbi.nlm.nih.gov/pubmed/19547734
https://doi.org/10.1371/journal.pntd.0010152

