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Abstract

Background: Dengue is an emerging infectious disease that infects up to 390 million people yearly. The growing
demand of dengue diagnostics especially in low-resource settings gave rise to many rapid diagnostic tests (RDT).
This study evaluated the accuracy and utility of ViroTrack Dengue Acute - a new biosensors-based dengue NS1

RDT, SD Bioline Dengue Duo NS1/IgM/IgG combo - a commercially available RDT, and SD Dengue NS1 Ag enzyme-
linked immunosorbent assay (ELISA), for the diagnosis of acute dengue infection.

Methods: This prospective cross-sectional study consecutively recruited 494 patients with suspected dengue from a
health clinic in Malaysia. Both RDTs were performed onsite. The evaluated ELISA and reference tests were
performed in a virology laboratory. The reference tests comprised of a reverse transcription-polymerase chain
reaction and three ELISAs for the detection of dengue NST antigen, IgM and IgG antibodies, respectively. The
diagnostic performance of evaluated tests was computed using STATA version 12.

Results: The sensitivity and specificity of ViroTrack were 62.3% (95%C| 55.6-68.7) and 95.0% (95%Cl| 91.7-97.3),
versus 66.5% (95%Cl 60.0-72.6) and 95.4% (95%Cl 92.1-97.6) for SD NS1 ELISA, and 52.4% (95%CI 45.7-59.1) and
97.7% (95%Cl 95.1-99.2) for NST component of SD Bioline, respectively. The combination of the latter with its IgM
and IgG components were able to increase test sensitivity to 82.4% (95%C| 76.8-87.1) with corresponding decrease
in specificity to 87.4% (95%Cl 82.8-91.2). Although a positive test on any of the NS1 assays would increase the
probability of dengue to above 90% in a patient, a negative result would only reduce this probability to 23.0-29.3%.
In contrast, this probability of false negative diagnosis would be further reduced to 14.7% (95%Cl 11.4-18.6) if SD
Bioline NS1/IgM/IgG combo was negative.

Conclusions: The performance of ViroTrack Dengue Acute was comparable to SD Dengue NST Ag ELISA. Addition
of serology components to SD Bioline Dengue Duo significantly improved its sensitivity and reduced its false
negative rate such that it missed the fewest dengue patients, making it a better point-of-care diagnostic tool. New
RDT like ViroTrack Dengue Acute may be a potential alternative to existing RDT if its combination with serology
components is proven better in future studies.
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Background

Dengue is an emerging infectious disease endemic to
more than 100 tropical countries [1]. An estimate of up
to 390 million dengue infections happened in the year
2010 alone, of which only a quarter were detectable [2].
Dengue threatens a pandemic with the spread of Aedes
mosquito, the vector that carries the pathogen dengue
virus that comes in four serotypes (DENV1-4), to sub-
tropical regions throughout the world [3].

In Malaysia, dengue incidence stood as high as 396.4
cases/100,000 population with case fatality rate ranging
from 0.20-0.28% in recent years. In 2015 alone, dengue
virus infected up to 120,000 people and caused 336
deaths [4]. Despite an absence of medical treatment to
date, early disease recognition and timely intervention
with proper fluid management and supportive care can
prevent mortality due to dengue infection [5].

The obstacle to early dengue diagnosis lies in its di-
verse and unspecific clinical symptoms that resemble
other diseases, which leads to delay in health-seeking
and misdiagnosis of the disease [1, 6]. Laboratory tests
such as virus isolation (VI), reverse transcription-
polymerase chain reaction (RT-PCR), haemagglutination
inhibition (HI), and enzyme-linked immunosorbent
assay (ELISA) for the detection of dengue non-structural
antigen-1 (NS1) or dengue-specific immunoglobulin
(IgM/IgG) can confirm diagnosis. But they are resource-
intensive and not suitable for low-resource settings [7].

The growing demand for point-of-care diagnostics
gave rise to many dengue rapid diagnostic tests (RDT)
that flooded the market in the past two decades [7, 8].
Recent development in biosensors for the rapid diagno-
sis of acute dengue infection, if proven accurate, may in-
tensify the competition and make RDT more affordable
to more patients who need it [9]. In this evaluation
study, we aimed to estimate the diagnostic accuracy and
utility of a newly developed biosensors-based dengue
NS1 assay, and one each of commercially available NS1
ELISA and NS1/IgM/IgG RDT.

Methods

Study design

This evaluation study employed a prospective cross-
sectional design. Its reporting followed Standards for the
Reporting of Diagnostic Accuracy Studies (STARD)
guidelines [10].

Ethical statement

The study adhered to the principles of the revised 2013
Declaration of Helsinki [11] and obtained ethical approval
from the Medical Research and Ethics Committee, Minis-
try of Health Malaysia (NMRR-17-853-34,393) and Uni-
versity Malaya Medical Center (MRECID.NO: 2017426—

Page 2 of 11

5171). Written informed consent was obtained from each
participant and minor assent where appropriate.

Population

The study site was Shah Alam Section 7 Health Clinic, a
public clinic with the highest number of dengue patients
located in the dengue-endemic district of Petaling, Se-
langor state, Malaysia. Febrile patients aged 9 months
and above with symptoms fulfilling World Health Or-
ganisation (WHO) 2009 criteria for suspected dengue
that sought treatment at this clinic from 13th November
2017 to 30th March 2018 during normal working hour
were recruited consecutively [6]. Patients in need of
emergency care or with pre-existing conditions that were
prone to complications from blood sampling were ex-
cluded. Both capillary and venous blood samples were
collected from each patient using EDTA tubes for im-
mediate onsite index tests. Another venous sample in
plain tube was also collected together, centrifuged, ali-
quoted, and stored at — 80 °c for laboratory-based diag-
nostic tests in a virology laboratory in University of
Malaya, Malaysia. No convalescent sample was taken.
Socio-demographic background and clinical history were
captured using structured questionnaire through face-
to-face interview at the same setting. The 500 target
sample size calculated using single proportion sample
size formula based on a 50% disease prevalence was ex-
pected to achieve 5% absolute precision with 95% confi-
dence for both sensitivity and specificity estimates [12].

Index tests

ViroTrack Dengue Acute (BluSense Diagnostics,
Denmark), SD Bioline Dengue Duo and SD Dengue NS1
Ag ELISA (Standard Diagnostics, Korea) were evaluated
in this study for comparison. The first two are RDT
intended for point-of-care use. They were tested onsite
on both capillary and venous blood samples by medically
trained research assistants blinded to the clinical pic-
tures of the research participants. Additionally, Viro-
Track Dengue Acute was also tested onsite on the same
day with serum samples extracted from the plain tubes.

ViroTrack Dengue Acute

ViroTrack Dengue Acute (BluSense Diagnostics, Denmark)
is a biosensors-based semi-quantitative immuno-magnetic
agglutination assay packed in a polymer centrifugal micro-
fluidic cartridge. Its diagnostic mechanism was detailed out
previously [13]. Briefly here, for each test, a ViroTrack
micofluidic loaded with 30 mcl of blood sample was
inserted into a portable opto-magnetic reader — the BluBox.
The sample was centrifuged, metered, and mixed with
magnetic nanoparticles (MNPs) pre-coated with anti-
dengue antibodies located within the cartridge. Dengue
NS1 antigen, if present, formed sandwich agglutination
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with these MNPs and were forced to rotate under an oscil-
lating magnetic field, which modulated the intensity of a
laser beam passing through them. A photodetector with a
Blu-ray optical pickup unit would then measure the phase
difference between the modulated light transmission and
the applied field, which corresponded to the level of dengue
NS1 antigen. This measurement was presented in a relative
unit and interpreted by the BluBox according to a pre-set
threshold value, where positive was defined as > = 27, nega-
tive if < 23, and equivocal (EQ) if 23—26.9 unit. The whole
process after the insertion of the microfluidic was auto-
matic and the result was ready in less than 15 min. The re-
sults were recorded by one research assistant and verified
by three others independently. For analysis, a patient was
considered tested positive for ViroTrack Dengue Acute if
either capillary or venous sample was positive, EQ if both
were EQ, and negative for all other combinations. No repe-
tition was done for EQ results.

SD Bioline Dengue Duo

This is a commercially available rapid immunochroma-
tographic test that comes in a combo of two joint cas-
settes, one for NS1 and another for IgM/IgG. Only 100
mcl blood sample was needed for the NS1 assay, while
serology required 10 mcl followed by assay diluent. Re-
sults were interpreted according to manufacturer’s in-
struction by two independent research assistants 15-20
min after the application of specimen, where appearance
of a test line was considered positive in the presence of a
control line. Presence of only control line was consid-
ered negative [14]. Discrepancies between first and sec-
ond interpreters were resolved with the help of a third
interpreter. For analysis, a patient was considered tested
positive to an assay on SD Bioline Dengue Duo if either
capillary or venous sample was found positive, and nega-
tive if both were negative.

SD Dengue NS1 Ag ELISA

SD Dengue NS1 Ag ELISA (Standard Diagnostics,
Korea), a commercially available direct sandwich ELISA,
was performed together with reference tests and inter-
preted according to manufacturer’s instruction [15]. Test
was considered valid if the negative and positive controls
absorbance values were within set ranges. Cut-off value
was calculated by adding 0.3 to the mean absorbance for
negative controls. A sample was considered positive if its
absorbance was equal to or larger than the cut-off value,
and negative if lower.

Reference standard

The reference tests comprised of iTaq Universal SYBR
Green One-Step real-time RT-PCR (Bio-Rad Laborator-
ies, Hercules, CA), Panbio Dengue Early ELISA, and SD
Dengue IgM and IgG capture ELISA (Standard
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Diagnostics, Korea). They were performed according to
the manufacturers’ instructions as described in detail
previously [16—19]. They were chosen in reference to a
previous study [20]. These tests were conducted from
6th December 2018 to 13th April 2019, up to around 1
month from sample collection, by trained laboratory
personnel blinded to the clinical information and results
of the point-of-care index tests. A laboratory-confirmed
dengue was defined as 1) RT-PCR positive, or 2) Panbio
NS1 ELISA positive; while a presumptive dengue tested
negative for both the above, but positive for IgM ELISA
[20]. Both laboratory-confirmed and presumptive den-
gue were included in the analysis as dengue positive;
while patients who did not fall into any category above
were taken as dengue negative without further labora-
tory tests. On top of that, a combination of “Recife”
method and IgM/IgG ratio from ELISA was used to clas-
sify dengue positive patients into primary and secondary
dengue, whereby primary was defined as IgG negative
with positive on either IgM, NS1 or RT-PCR; while sec-
ondary — positive IgG with negative IgM and positive on
either RT-PCR or NSI. If both IgM and IgG were
present, IgM/IgG ratio > =1.2 was considered as primary
dengue, while < 1.2 - as secondary dengue [6, 16, 21, 22].

Data analysis
Descriptive analysis was used to describe the sociodemo-
graphic and clinical characteristics of the participants.
The interrater agreement between the first and second
interpreters for each assay in SD Bioline Dengue Duo
was assessed using Kappa statistics (k). It was also com-
puted for the agreement of test results between capillary
and venous samples for this combo, while ViroTrack
Dengue Acute also had additional results for capillary-
serum and venous-serum. Agreement was interpreted as
poor if k was <0, slight if 0-0.2, fair if 0.2—-0.4, moderate
if 0.4-0.6, good if 0.6-0.8, and excellent if 0.8—1.0 [23].

The true positive (TP), false negative (FN), false posi-
tive (FP), and true negative (TN) of each index test and
various combinations of the components of combo test
as compared to the reference standard were used to cal-
culate various diagnostic accuracy parameters and their
95% confidence intervals (95%CI) using standard formu-
las [24, 25]:

Sensitivity (SN) = TP/(TP + FN);

Specificity (SP) = TN / (TN + FP);

positive predictive value (PPV) = TP / (TP + FP);

negative predictive value (NPV) = TN / (TN + FN);

positive likelihood ratio (LR+) = SN / (1-SP);

negative likelihood ratio (LR-) = (1-SN) / SP;

area under curve (AUC) = (SN + SP) / 2; and.

diagnostic odds ratio (DOR) = (TP/EN) / (FP/TN).

Subgroup analyses by exposure (serotype, day of illness
or DOI, dengue infection status) and outcome (lab-
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confirmed vs presumptive dengue) were also performed
to compare sensitivity estimates. For diagnostic utility,
post-test probabilities (95%CI) of dengue for positive
and negative test were calculated for each test assay and
their combinations. For that, pre-test probability (preva-
lence) of dengue among participants of this study was
first converted to odds: prevalence/(1-prevalence). This
pre-test odds were then multiplied with corresponding
LR to obtain post-test odds that in turn were converted
back to probabilities: odds/(1 + odds) [24].

Data analysis was performed using STATA version 12
(StataCorp, TX, US). All inconclusive and missing test
results, whether of reference standard or index tests,
were excluded from the analysis.

Results

Description of the study cohort

Out of the 504 potentially eligible patients who attended
the clinic over the study period, 494 (98.1%) agreed to
participate in the study. Their age ranged from 11
months to 70.7 years with a mean of 27.2years (s.d.
11.8). 285 (57.7%) were male. The mean day of fever
upon recruitment was 4.3 (s.d. 2.0) days, with a range of
1 to 11 days.

All 494 recruited patients had either capillary and/or
venous sample tested on both point-of-care RDT. But
only 490 were characterised with the laboratory-based
index test - the SD Dengue NS1 Ag ELISA, and all refer-
ence tests. Absence of results for any assay was due to
insufficient test specimens. The flow of participants for
the index tests and their results was presented using
STARD diagrams (Figure S1, S2 and S3).

Out of the 490 patients tested with reference tests, 227
were dengue positive, 262 were negative, and 1 was in-
conclusive. Among the dengue positive patients, 72 were
presumptive and 155 were laboratory-confirmed. The
latter comprised of 64 positives on both RT-PCR and
Panbio NS1 ELISA, 27 positives only on RT-PCR, and
64 positives only on NS1 ELISA.

Among the dengue positive patients, 9 had dengue
without warning sign, while 218 reported at least one
warning sign according to WHO 2009 classification.
One hundred thirty seven of them had primary while 90
had secondary dengue. Lastly, there were 31 DENV-1,
29 DENV-2, 30 DENV-3, and only 1 DENV-4 among
the 91 patients tested positive on RT-PCR.

Agreement between test interpreters and different blood
specimens

For SD Bioline NS1 assay, 482 patients had both capil-
lary and venous samples tested and 12 patients had only
venous results; while 490 had both results and 4 had
only venous result for IgM/IgG assay. For ViroTrack
Dengue Acute, 442 patients had both results, while 41
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and 11 had either capillary or venous result, respectively.
All 494 patients also had serum results for ViroTrack
Dengue Acute. Comparison can only be made between
test results from different subgroups belonging to the
same patient. The kappa and their 95%CI for all compar-
isons were more than 0.8, indicating excellent agreement
(Table S1, S2, S3).

For SD Bioline Dengue Duo, both interpreters almost
completely agreed on NS1 assay tested on both capillary
and venous samples with kappa of 0.99 (95%CI 0.90—
1.00) and 1.00 (95%CI 0.91-1.00), respectively; while the
results were not significantly lower for serology tests with
point estimates of k ranging from 0.97-0.98 (Table S1).
When the final approved test results between capillary
and venous were compared, the kappa ranged from 0.96
(95%CI 0.87-1.00) for IgG assay to 1.00 (95%CI 0.91-
1.00) for NS1 (Table S2).

For ViroTrack Dengue Acute NS1 assay, the kappa
stood at 0.92 (95%CI 0.84-1.00) for capillary-venous,
091 (95%CI 0.82-0.99) for capillary-serum, and 0.91
(95%CI 0.83—-0.99) for venous-serum (Table S3). These
estimates were lower than that of SD Bioline NS1 assay
due to the additional EQ category, albeit not statistically
significant.

Diagnostic accuracy of index tests as compared to
reference standard

All the diagnostic accuracy parameters were presented
in Table 1. Among NS1-only assays, the sensitivity of
NS1 ELISA from SD was significantly higher than its
own RDT, at 66.5% (95%CI 60.0-72.6) versus 52.4%
(95%CI 45.7-59.1), respectively. The sensitivity of Viro-
Track Dengue Acute ranked second at 62.3% (95%CI
55.6—68.7) and did not significantly differ from both the
above. The specificities were rather comparable, with SD
NS1 RDT performed better insignificantly at 97.7%
(95%CI 95.1-99.2). There was no significant difference
between all three NS1 tests for the other parameters
(Table 1).

The sensitivities of both SD serology RDT were lower
when compared to all the NS1-only assays, and the dif-
ference was significant when compared to ELISA and
ViroTrack, with IgM at 45.4% (95%CI 38.8-52.1) and
IgG - 27.8% (95%CI 22.0-34.1). However, among all in-
dividual assays, IgM had the highest specificity of 98.5%
(95%CI 96.1-99.6); while IgG had it lowest - 88.9%
(95%CI 84.5-92.5), which was significantly lower when
compared to both SD NS1 and IgM RDT. IgG also per-
formed significantly worse in all the other parameters
compared to all individual assays except for NPV when
compared to IgM. On the contrary, IgM had higher
PPV, LR+, and DOR; but worse NPV, LR-, and AUC,
when compared to NS1-only assays. Although significant
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Table 1 Diagnostic accuracy estimates and their 95%Cl for all index tests
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Parameter ViroTrack Dengue ~ SD Dengue NS1  SD Bioline DD SD Bioline DD SD Bioline DD SD Bioline DD SD Bioline DD NS1 or
Acute NS1 Ag ELISA NS1 only IgM only IgG only NS1 or IgM IgM or I9G
Sensitivity®, % 139/223 151/227 119/227 103/227 63/227 172/227 187/227
(5% 62.3% 66.5% 52.4% 454% 27.8% 75.8% 82.4%
(55.6-68.7) (60.0-72.6) (45.7-59.1) (388-52.1) (22.0-34.1) (69.7-81.2) (76.8-87.1)
Specificity?®, %  249/262 250/262 256/262 258/262 233/262 253/262 229/262
(959%C1) 95.0% 95.4% 97.7% 98.5% 88.9% 96.6% 87.4%
(91.7-97.3) (92.1-97.6) (95.1-99.2) (96.1-99.6) (84.5-92.5) (93.6-984) (82.8-91.2)
PPVZ, % 139/152 151/163 119/125 103/107 63/92 172/181 187/220
(95%CD 91.4% 92.6% 95.2% 96.3% 68.5% 95.0% 85.0%
(85.8-95.4) (87.5-96.1) (89.8-98.2) (90.7-99.0) (58.0-77.8) (90.8-97.7) (79.6-89.4)
NPV?, % 249/333 250/326 256/364 258/382 233/397 253/308 229/269
(95%CD 74.8% 76.7% 70.3% 67.5% 58.7% 82.1% 85.1%
(69.8-79.4) (71.7-81.2) (65.3-75.0) (62.6-72.2) (53.7-63.6) (774-86.3) (80.3-89.2)
LR+ 126 145 229 29.7 2.5 22.1 6.5
©5%c) (732-215) (829-254) (1035100 (111-794)  (17-38) (116-42.1) (47-9.1)
LR - 040 0.35 049 0.56 0.81 0.25 0.20
(B5%CD (0.33-047) (0.29-0.42) (0.42-0.56) (0.49-0.63) (0.74-0.89) (0.20-0.32) (0.15-0.27)
AUC 0.79 0.81 0.75 0.72 0.58 0.86 0.85
(95%Ch (0.75-0.82) (0.78-0.84) (0.72-0.78) (0.69-0.75) (0.55-0.62) (0.83-0.89) (0.82-0.88)
DOR 31.7 414 47 .0 536 3.1 879 324
(95%C1) (17.2-58.5) (22.0-77.9) (20.5-108.0) (20.0-143.0) (1.9-5.0) (42.8-180.0) (19.7-534)

*The italic numbers shown before the parameter estimates are number of correct tests over number of all tests for each corresponding parameter

difference was only found in LR- and AUC with ELISA,
and only LR- with Viro-Track (Table 1).

When the results of all three individual assays on SD
Bioline Dengue Duo were combined, where positive on
either one was considered as dengue positive, the diag-
nostic accuracy parameters generally improved. For SD
NS1/IgM combination, all the estimates were better
compared to ELISA and ViroTrack, but all these differ-
ences were insignificant save for ViroTrack sensitivity,
LR-, and AUC. When compared to SD NS1 RDT alone,
NS1/IgM performed better except on specificity, PPV,
and LR+, with significant difference only in sensitivity,
NPV, LR-, and AUC. On the contrary, for SD NS1/IgM/
IgG, the insignificant marginal improvement over SD
NS1/IgM in sensitivity to 82.4% (95%CI 76.8-87.1), NPV
to 85.1% (95%CI 80.3—-89.2), and LR- to 0.20 (95%CI
0.15-0.27), was compensated with decrease in all other
parameters, which were significant for specificity, PPV,
and LR+ (Table 1).

Sensitivities of index tests in subgroup analyses

The sensitivities of the evaluated index tests stratified
into different subgroups were presented in Table 2 and
Table 3. When stratified by serotype, all NS1 assays
whether alone or in combination had higher sensitivity
in detecting DENV-3, followed by DENV-2 and DENV-

1. Only the difference between DENV-3 and DENV-1
was significant for ViroTrack, and SD NS1 RDT whether
individually or in the form of combo. There was no sig-
nificant difference between the lower sensitivities of SD
serology RDT in the detection of various serotypes, al-
though IgM appeared to do insignificantly better with
DENV-1 followed by DENV-3. None of the assays was
able to detect the sole DENV-4 patient. When compared
between index tests, the sensitivities of all assays with
NS1 component did not differ much with each other but
were all significantly better than serology-only assays,
except between SD NS1 and IgM RDT for DENV-1
(Table 2).

When the analyses were stratified by DOI that usually
coincides with day of fever, all NS1-only assays had in-
significantly higher sensitivity in the first 5days com-
pared to later period. In contrast, all serology-only
assays performed significantly better in the opposite
manner especially for SD IgM RDT. The same trend ob-
served for the serology-only assays was carried forward
into both the SD RDT combo, although the difference
became insignificant. When compared between all NS1-
only assays for the detection of dengue in the first 5
days, ELISA performed insignificantly better than Viro-
Track followed by SD RDT. But when the latter was
combined with IgM, the sensitivity improved such that
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Table 2 Sensitivities and their 95%Cl for all index tests in different subgroups
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Parameter  ViroTrack Dengue  SD Dengue NS1  SD Bioline DD SD Bioline DD SD Bioline DD SD Bioline DD SD Bioline DD NS1 or
Acute NS1 Ag ELISA NS1 only IgM only IgG only NS1 or IgM IgM or 1gG
By Serotype
DENV-1 20/31 20/31 14/31 7/31 3/31 19/31 20/31
64.5 (45.4-80.8) 64.5 (454-80.8) 548 (36.0-72.7) 226 (9.6-41.1) 9.7 (20-25.8) 61.3 (42.2-78.2) 64.5 (45.4-80.8)
DENV-2  23/29 23/29 24/29 3/29 3/29 25/29 27/29
79.3 (60.3-92.0) 793 (603-92.0) 828 (64.2-942) 103 (22-274) 103 (22-274) 862 (68.3-96.1) 93.1 (77.2-99.2)
DENV-3 29/30 28/30 28/30 5/30 3/30 29/30 29/30
96.7 (82.8-99.9) 933 (779-992) 933 (77.9-99.2) 167 (56-347) 100 (21-265) 967 (82.8-99.9)  96.7 (82.8-99.9)
DENV-4  0/1 o1 o1 o1 o1 o1 o1
0 (0-97.5) 0 (0-97.5) 0 (0-97.5) 0 (0-97.5) 0 (0-97.5) 0 (0-97.5) 0 (0-97.5)
By day of illness
First 5 102/157 109/160 93/160 51/160 33/160 117/160 128/160
days 65.0 (57.0-724) 68.1 (60.3-753)  58.1 (50.1-65.9) 319 (24.7-39.7) 206 (14.6-27.7) 73.1 (65.6-79.8) 80.0 (73.0-85.9)
>=6days 37/66 42/67 26/67 52/67 3067 55/67 59/67

56.1 (43.3-68.3)

By dengue infection status

Primary

Secondary 449

99/134
73.9 (65.6-81.1)
40/89

62.7 (50.0-74.2)

104/137
75.9 (67.9-82.8)
47/90

(344-55.9)

52.2 (414-62.9)

388 (27.1-51.5)

88/137

64.2 (55.6-72.2)
31/90

344 (24.7-45.2)

776 (65.8-86.9) 44.8 (326-574) 82.1(708-904)  88.1 (77.8-94.7)
61/137 7/137 113/137 113/137

445 (36.0-533) 5.1 (2.1-10.2) 825 (75.1-884) 825 (75.1-884)
42/90 56/90 59/90 74/90

46.7 (36.1-57.5)

622 (514-72.2) 656 (548-753)  82.2 (72.7-89.5)

The italic numbers shown before the sensitivity estimates are true positives over all disease-positives for the respective assay

Table 3 Sensitivities and their 95%Cl for all index tests in
diagnosing lab-confirmed versus presumptive dengue

Index Tests Lab-confirmed Presumptive
dengue dengue
ViroTrack Dengue Acute NS1  117/152 22/71

SD Dengue NST Ag ELISA

SD Bioline DD NST only

SD Bioline DD IgM only

SD Bioline DD IgG only

SD Bioline DD NST1 or IgM

SD Bioline DD NS1 or IgM or

I9G

77.0 (69.5-83.4)
127/155

81.9 (75.0-87.6)
106/155

684 (60.4-75.6)
56/155

36.1 (28.6-44.2)
25/155

16.1 (10.7-22.9)
123/155

794 (72.1-854)
127/155

81.9 (75.0-87.6)

31.0 (20.5-43.1)
24/72
333 (22.7-454)
13/72
18.1 (10.0-28.9)
47/72
65.3 (53.1-76.1)
38/72
52.8 (40.7-64.7)
49/72
68.1 (56.0-78.6)
60/72
833 (72.7-91.1)

The italic numbers shown before the sensitivity estimates are true positives
over all disease-positives for the respective assay

the difference became significant compared to itself
alone and ViroTrack for DOI > =6 days. The improve-
ment was more substantial for SD NS1/IgM/IgG, where
sensitivity was significantly higher versus SD NS1 RDT
alone and ViroTrack at any time, and even against
ELISA for DOI > =6 days (Table 2).

All NS1-only assays had significantly better sensitiv-
ity in detecting primary dengue versus secondary. SD
NS1/IgM RDT demonstrated similar trend but the
difference was insignificant. This pattern was reverse
in SD IgG RDT, while SD IgM RDT and SD NS1/
IgM/IgG RDT did not have any within-assay differ-
ence between infection status subgroups. When com-
pared between assays with NS1 component, both SD
RDT combo assays had significantly better sensitivity
compared to SD NS1 RDT alone for both primary
and secondary dengue, while the sensitivity of SD
NS1/IgM/IgG RDT was also significantly better than
ViroTrack and ELISA in detecting secondary dengue
thanks to the additional IgG component. Serology-
only assays had significantly lower sensitivity com-
pared to all other assays with NS1 component in de-
tecting primary dengue, while SD IgG RDT was also
significantly less sensitive compared to SD IgM RDT.
However, for secondary dengue, SD IgG RDT per-
formed better than all individual assays and signifi-
cantly better than SD NS1 RDT (Table 2).
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Similar to the trend observed above, all NS1-only as-
says and SD NS1/IgM RDT were more sensitive in the
detection of laboratory-confirmed over presumptive den-
gue, albeit without significant difference. On the con-
trary, both serology-only assays performed significantly
better in detecting presumptive over laboratory-
confirmed dengue. Again, SD NS1/IgM/IgG RDT per-
formed equally well in both with sensitivity point esti-
mates above 80%. This combination was an all-rounder
with significantly higher sensitivity compared to serology-
only assays in the detection of lab-confirmed dengue
owing to its NS1 component, and significantly higher sen-
sitivity compared to all NS1-only assays in the detection
of presumptive dengue owing mainly to its IgM compo-
nent (Table 3).

Diagnostic utility of index tests

The pre-test probability of dengue (or proportion of
dengue patients among all patients) was 46.3% in this
study (Table 4). All index tests if tested positive would
increase the probability of dengue diagnosis to above
80%, except SD IgG that registered only 68.2% (95%CI
58.8-76.1), which was significantly lower than all other
assays. The highest post-test probability of dengue for
positive test was achieved by SD IgM RDT at 96.2%
(95%CI 90.4-98.5), followed by SD NS1 RDT and SD
NS1/IgM RDT at 95.1% (95%CI 89.8-97.7) and 94.9%
(95%CI 90.8-97.3), respectively. These figures achieved
by SD RDT NSI1 or/and IgM components were signifi-
cantly higher than the 84.8% (95%CI 80.1-88.5) attained
by its NS1/IgM/IgG combination. The results for SD
ELISA and ViroTrack did not differ significantly be-
tween each other nor with other assays, except with SD
IgG RDT (Table 4).

When it comes to post-test probability of dengue for
negative test, SD NS1/IgM/IgG RDT performed best
with 14.7% (95%CI 11.4-18.6), significantly lower than
all individual assays. SD NS1/IgM RDT came in second
at 17.6% (95%CI 14.5-21.2), also significantly better than
all individual assays except SD ELISA. The latter had the
best result among all individual assays followed by Viro-
Track and SD NS1 RDT, at 23.0% (95%CI 19.9-26.5),
25.3% (95%CI 22.2-28.6), and 29.3% (95%CI 26.5-32.2),
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respectively. Serology-only assays performed significantly
worse than all NS1-only assays in post-test probability of
negative test, with SD IgG RDT also performed signifi-
cantly worse than SD IgM RDT at 32.1% (95%CI 29.5—
34.8) versus 40.9% (95%CI 38.7-43.1), respectively
(Table 4).

Discussion

Most published dengue RDT evaluation studies used
serum samples. Some studies also used whole blood
specimen and only one used capillary blood [26-29].
The excellent agreement between the results tested
on capillary, venous, and serum samples in this study
demonstrated that all three of them can be used on
RDT, provided that anticoagulant-coated tool is used
for the collection of whole blood specimen. The valid-
ity of results from capillary blood has practical impli-
cation when minimal invasiveness and/or rapidity is
required such as in young children or during massive
dengue outbreak.

No study was published prior to this for the evaluation
of ViroTrack Dengue Acute, while SD Dengue NS1 Ag
ELISA and SD Bioline Dengue Duo have been exten-
sively evaluated. The individual components of the SD
Bioline RDT had point estimates of sensitivity and speci-
ficity for the diagnosis of acute dengue that ranged
within 44.4-94.9% and 70.9-100.0% for NS1 [30-32],
10.0-98.0% and 66.0-100.0% for IgM [18, 32, 33], and
38.8-90.1% and 92.5-100.0% for IgG [22, 34, 35], re-
spectively. On the other hand, the point estimates of
sensitivity and specificity of SD Dengue NS1 Ag ELISA
published previously were 55.2-76.8% and 94.6—98.6%,
respectively [15, 23, 36]. The results in this study fell
within the above range except for the IgG compo-
nent of the SD RDT, where both sensitivity and spe-
cificity were lower than previously found. This
difference may be attributed to the underlying differ-
ence in study design, patient population, definition
of reference standard, and other study characteristics
[37-39].

Since differences in study characteristics would modify
the outcomes, it is difficult to directly compare diagnostic
accuracy and utility between different studies without

Table 4 Diagnostic utility estimates and their 95%Cl for all index tests

Parameter ViroTrack Dengue SD Dengue  SD Bioline SD Bioline DD SD Bioline DD SD Bioline DD SD Bioline DD NS1
Acute NST NS1 Ag ELISA DD NST only IgM only IgG only NS1 or IgM or IgM or IgG
Post-test probability of dengue 91.5 92.5 95.1 96.2 68.2 94.9 84.8
for positive test, % (95%Cl)
(86.2 - 94.8) (876 - 95.6) (89.8-97.7) (904 - 98.5) (588 - 76.1) (90.8 - 97.3) (80.1 - 88.5)
Post-test probability of dengue 253 230 293 321 409 176 14.7
il 0, 0y
for negative test, % (95%C) 25 - 2g) (199-265 (265-322) (295-348 (387-431) (145-212)  (114-186)

Pre-test probability = 46.3%
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proper assessment. In other words, the apparent differ-
ence in diagnostic accuracy and utility parameters be-
tween two tests evaluated in two different studies may be
due to the difference between their study characteristics
instead of the actual performance of the tests themselves.
However, diagnostic tests evaluated within the same study
on the same patient population under the same condition
can be directly compared [37]. In this study, among all the
individual assays, SD Dengue NS1 Ag ELISA had the best
performance followed by ViroTrack, SD Bioline Dengue
Duo NS1, IgM and IgG components. This outcome is ex-
pected as both ELISA and ViroTrack employed objective
result read-out based on physical properties of light trans-
mission in contrast to the subjective interpretation of SD
RDT [8, 13-15, 18, 30].

The sensitivities of all the evaluated assays turned out
as expected in the subgroup analyses. The NS1-only as-
says performed better in detecting dengue infection in
the first 5 days versus 6 days and above as NS1 antigen is
actively produced and secreted in the first week [7, 18,
22, 29, 30, 40-43]. However, the decline in performance
was more obvious for SD NS1 RDT as reducing level of
NS1 towards the end of the week might produce a test
line too faint to be detected with naked eyes [8]. On the
contrary, serology-only assays performed better after day
5 when IgM and IgG started to be secreted to counter
the infectious agent [5, 7, 17, 18, 22, 29, 30, 40—44]. The
observation that SD IgM performed better than IgG,
especially after day 5, is most likely due to the use
of IgM ELISA in the definition of the reference
standard.

This study discovered that NS1-only assays had higher
sensitivity in detecting primary and laboratory-
confirmed dengue, while serology-only assays were bet-
ter in secondary and presumptive dengue. Again, the
reason for this lies predominantly in the definition of
reference standard, where primary and laboratory-
confirmed dengue were mostly those tested positive on
RT-PCR and/or Panbio NS1 ELISA; while secondary and
presumptive were more dependent on IgM and IgG cap-
ture ELISA for their definitions. This similar trend was
observed repeatedly in previous studies with some varia-
tions attributable to differences in study characteristics
[18, 23, 29, 31-33, 35, 36, 40].

The finding that all NS1-only index tests had lower
sensitivity while SD IgM RDT had it higher for the de-
tection of DENV-1 as compared to other serotypes was
unexpected. Some previous studies did not demonstrate
difference [27, 45], while others did [18, 30, 31, 46, 47].
Further analysis (data not shown) showed that there
were more patients beyond the 5th day of illness among
those with DENV-1, which may partially explain these
results. On the other hand, the failure of all assays to de-
tect the sole DENV-4 was probably due to chance, as
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this patient had secondary dengue (with low IgM level)
on 5th day of illness, when the level of free and de-
tectable IgG and NS1 happened to be too low after
their union in vivo [23, 45, 47, 48]. Lastly, the sero-
type distribution found in this study agreed with pre-
vious finding [49].

Notwithstanding the underperformance of SD Bioline
Dengue Duo individual components, the diagnostic ac-
curacy drastically improved when they were combined
and interpreted as dengue positive if found positive on
either one component. Combination of SD NS1 and
IgM improved sensitivity, NPV and LR- (better rule-out
test if found negative) without compromising on the
other parameters, while the addition of IgG component
further improved the rule-out parameters at the expense
of rule-in parameters. This trend was in line with previ-
ous findings [15, 23, 27, 29, 30, 32, 34, 35, 40, 41, 50,
51]. The repercussion of this finding is that dengue
combo test is always superior to individual assay RDT as
combo has the ability to detect dengue infection regard-
less of the phase of illness [40, 41].

This recommendation is further backed up by the
diagnostic utility from this study. As shown in Table 4,
tested positive for SD NS1/IgM RDT was able to double
the probability of dengue infection in a patient to be
more than 90%, leaving only less than 10 out of 100
wrongly diagnosed non-dengue patients. Although all in-
dividual assays except SD IgG RDT were able to more
or less match this performance, they could not repro-
duce the same when it came to negative tests. If a pa-
tient was tested negative for any of the individual assays,
the best post-test probability of dengue was still 23.0%.
In other word, at least 23 out of 100 dengue patients
were FN that might have been misdiagnosed. In con-
trast, SD combo tests were able to reduce FN to just 15
to 18 per 100 dengue patients. While dengue FP may
not be a big concern due to its small proportion and
relatively less harmful supportive treatment unless in the
case of misdiagnosis of other more severe diseases, high
number of FN might lead to late diagnosis and delayed
administration of required life-saving treatment for
dengue patients. As such, in a clinical setting, especially
in primary care, it is important for a dengue RDT to
act as a screening tool that can detect more cases with
minimal FN.

Although this study found that SD Bioline Dengue
Duo, a dengue RDT based on immunochromatographic
principle, was a more preferred tool when used as a
combo test; the new biosensors-based ViroTrack Dengue
Acute was not without its own advantages. It requires
only 30 mcl of blood specimen compared to 100 mcl re-
quired for SD NS1 RDT. This feature is important when
blood sampling is difficult and yield is scarce, such as
among paediatric patients. Its test procedure requires
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minimal training, and is as simple and user-friendly as that
of SD RDT at least in terms of sample loading, but its test
duration is slightly shorter. Still, after loading blood sam-
ple, ViroTrack must be inserted into a Blubox, an elec-
tronic device that runs on electricity. This may create a
bottleneck if more than one sample must be run concur-
rently, unless commercialised version of Blubox comes
with the ability to run multiple tests. Yet, the presence of
Blubox increases test sensitivity and reduces number of
false positive from delayed interpretation common for
immunochromatographic tests [8]. Furthermore, its ability
to connect with local and global network reduces the rate
of manual transcription error in reporting [52], and makes
results available immediately upon diagnosis to treating
doctors and public health authority for quick intervention
[53]. Nevertheless, ViroTrack must first be available in the
form of a combo test and proven to be more accurate,
cost-effective, and beneficial in future studies for this new
technology to be popularised.

The strength of this study lies in its sound method-
ology and application. As mentioned above, it is difficult
to directly compare diagnostic performance between
evaluation studies due to different study characteristics
[37]. In the same way, it is also fundamentally incorrect
to directly apply their results into daily practice or for
policy making. Good performances reported in case-
control or laboratory-based studies may be due to biases
instead of the discriminatory power of the evaluated
tests [7, 39]. In contrast, the cross-sectional prospective
design in an actual primary care clinical setting seen in
this study produced a more realistic set of diagnostic
performance parameters that is true to other similar
clinical settings, making the application of its results eas-
ier and more valid. Besides, it complied with STARD-
guidelines for quality assurance [10]. In addition, diag-
nostic utility presented here is more intelligible to clin-
ical practitioners and policy makers compared to the
usually reported diagnostic accuracy. With simple calcu-
lation based on the formulas provided here or using
rough estimation, the diagnostic utility of the three
index tests evaluated in this study can be estimated for
any clinical setting [24, 54]. However, it should be cau-
tioned that this exercise took into account only dengue
diagnostics without consideration of other diseases.
Practitioners should also use existing clinical reasoning
for differential diagnosis.

In Malaysia, four previously conducted dengue RDT
evaluation studies were exclusively laboratory-based and
only one employed cross-sectional prospective design
[18, 41, 55, 56]. This study was the first conducted pro-
spectively among consecutively sampled patients in pri-
mary care setting. It provided better and more updated
insight on the application of dengue RDT in Malaysia.
Furthermore, it was the first that evaluated a biosensors-
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based RDT in this setting and compared it with exten-
sively used RDT and NS1 ELISA for a more comprehen-
sive understanding of their relative performance, which
is absent in most other studies that evaluated only either
RDT or ELISA. Two limitations of this study are, first,
only single sample was collected from each patient, mak-
ing the reference standard based on serology presump-
tive rather than conclusive [6, 20, 39]; and second, the
diagnostic utility calculated was based on the pre-test
probability of disease based on the WHO 2009 guide-
lines without taking into account of the haematological
result. Nevertheless, these limitations perfectly reflect
the actual situation faced by clinicians in the front line,
making the study results more realistic and applicable to
the real-world circumstances.

Conclusions

In conclusion, for the diagnosis of acute dengue infec-
tion, new biosensors-based dengue RDT such as Viro-
Track Dengue Acute performed almost as well as SD
Dengue NS1 Ag ELISA, while the latter was superior to
SD Bioline NS1 assay. The addition of serology compo-
nent to SD Bioline Dengue Duo, however, greatly en-
hanced its diagnostic accuracy and utility parameters
almost beyond that of SD Dengue NS1 ELISA, making it
a better point-of-care dengue diagnostic tool as it would
miss the fewest dengue patients. As such, ViroTrack
Dengue Acute can be a potential alternative to existing
combo RDTs only if its combination with serology com-
ponents matches or outperforms them in diagnosing
dengue. This decision making should be based on the re-
sults of properly conducted diagnostic test accuracy and
economic evaluation studies in the future that allow
within-study comparison of multiple diagnostic tools in-
stead of comparing between heterogeneous studies.
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