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Abstract

Background

Characterising dengue virus (DENV) infection history at the point of care is challenging as it
relies on intensive laboratory techniques. We investigated how combining different rapid
diagnostic tests (RDTs) can be used to accurately determine the primary and post-primary
DENV immune status of reporting patients during diagnosis.

Methods and findings

Serum from cross-sectional surveys of acute suspected dengue patients in Indonesia
(N:200) and Vietnam (N: 1,217) were assayed using dengue laboratory assays and RDTs.
Using logistic regression modelling, we determined the probability of being DENV NS1, IgM
and IgG RDT positive according to corresponding laboratory viremia, IgM and IgG ELISA
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metrics. Laboratory test thresholds for RDT positivity/negativity were calculated using You-
den’s J index and were utilized to estimate the RDT outcomes in patients from the Philip-
pines, where only data for viremia, IgM and IgG were available (N:28,326). Lastly, the
probabilities of being primary or post-primary according to every outcome using all RDTs, by
day of fever, were calculated. Combining NS1, IgM and IgG RDTs captured 94.6% (52/55)
and 95.4% (104/109) of laboratory-confirmed primary and post-primary DENV cases,
respectively, during the first 5 days of fever. Laboratory test predicted, and actual, RDT out-
comes had high agreement (79.5% (159/200)). Among patients from the Philippines, differ-
ent combinations of estimated RDT outcomes were indicative of post-primary and primary
immune status. Overall, IgG RDT positive results were confirmatory of post-primary infec-
tions. In contrast, IgG RDT negative results were suggestive of both primary and post-pri-
mary infections on days 1-2 of fever, yet were confirmatory of primary infections on days
3-5 of fever.

Conclusion

We demonstrate how the primary and post-primary DENV immune status of reporting
patients can be estimated at the point of care by combining NS1, IgM and IgG RDTs and
considering the days since symptoms onset. This framework has the potential to strengthen
surveillance operations and dengue prognosis, particularly in low resource settings.

Author summary

Combined NS1, IgM and IgG dengue rapid diagnostic tests (RDTs) have previously been
shown to accurately diagnose those experiencing dengue virus (DENV) infections at the
point of care and are now available as single commercial kits. Using such kits to addition-
ally determine those experiencing primary (first) or post-primary (second, third or fourth)
dengue infections however remains challenging as accurate immune status classification
currently relies on laboratory analysis. We used logistic regression modelling methods to
estimate RDT positive and negative outcomes according to corresponding PCR and
ELISA laboratory-based methods, which showed high sensitivity and specificity. Dengue
RDT outcomes were then predicted among a large sample of suspected dengue case
reports, to calculate the probability of being primary or post-primary for dengue accord-
ing to every possible set of dengue RDT outcomes, by day of fever. Different RDT out-
comes, at certain stages of infection, were indicative of primary and post-primary
immune status. Using our framework to determine dengue immune status at the point of
care in low resource settings, regional surveillance systems could estimate and monitor
dengue transmission intensity. Additionally, this framework could potentially support
dengue prognosis and identify primary cases who would benefit from current vaccination
regimes to prevent subsequent secondary infections associated with severe disease.

Introduction

Dengue is an emerging arboviral infectious disease, transmitted through the bite of an Aedes
mosquito that burdens much of the urbanised tropical and subtropical world. According to
World Health Organisation (WHO) figures, global case reporting has risen 8-fold in the past
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20 years with a record 5.2 million reports in 2019 [1]. However, these data only account for the
minority of symptomatic dengue cases who actively sought care and were successfully docu-
mented. Therefore, figures exclude most of the 105-390 million annual estimated dengue
infections across the globe [2, 3]. Dengue virus (DENV) is a member of the Flaviviridae family
consisting of four distinct serotypes (DENV1-4) [4]. A primary infection with any serotype is
typically associated with a self-limiting disease which elicits a long-lived IgG response that pro-
tects against subsequent homologous serotype infections [5]. Consequently, individuals can
suffer successive, post-primary (i.e. secondary, tertiary and quaternary), DENV infections dur-
ing their lifetime with heterologous serotypes. A secondary DENV infection is associated with
more severe clinical outcomes, including severe organ impairment and bleeding [6, 7], due to
a phenomenon known as antibody-dependent enhancement [8, 9]. Previously elicited, sub-
neutralising, IgG resurges upon infection and intensifies viral replication to trigger immuno-
modulated severe disease. Without specific dengue chemotherapies, severe disease manage-
ment is currently limited to intravenous hydration therapy (IHT) that requires careful moni-
toring and adequate health care infrastructure [10].

Current dengue diagnostics are primarily concerned with capturing active infections, thus
no such method for determining primary or post-primary DENV infections, at the point of
care, exists [6]. Nonetheless, WHO serological laboratory techniques can be utilized to distin-
guish DENV immune status retrospectively using patient paired sera collected at the acute and
convalescent stage of disease [11]. By assaying for changes in both DENV IgM and IgG anti-
bodies, a rise in IgM titres coupled with high and low convalescent IgM:IgG ratios indicates
active primary and secondary infections, respectively. A major caveat to this approach however
is the necessity of paired sera which makes it impractical for large scale epidemiological studies
and it detects the result too late to inform many case management decisions. Fortunately,
more recent studies have shown dengue immune status can be determined using single serum
samples collected during the acute phase of disease according to disease day-specific IgG:IgM
ratios [12-15]. Yet again however, these algorithms have limited value in point-of-care testing,
particularly in low resource settings, as they rely on individual laboratory metrics which take
time to generate, are labour intensive and require extensive equipment.

Recently, the WHO has advocated for the use of rapid diagnostic tests (RDTs) to improve den-
gue case detection and management in low resource, regional health care facilities [16]. Numerous
quick, easy-to-use and inexpensive commercial RDTs are now available which can detect different
markers of infection [17, 18]. The dengue NS1 RDT detects the dengue non-structural protein 1
(NS1), which is secreted into the blood during, and slightly after, the viraemic phase of disease. In
contrast, The IgM and IgG RDTs detect IgM and IgG antibodies during the later immunogenic
phase of infection, respectively. Many studies have shown how well these kits capture true active
dengue infections, particularly when used in combination, although their performance varies
according to specific commercial brands [17, 19-21]. Moreover, studies have documented how
the DENV immune status of patients influences the performance of RDTs. When used alone,
NS1 RDTs have better sensitivities for capturing primary, as opposed to secondary, infections [18,
22]. This is likely a consequence of the contrasting viremia kinetics, whereby viremia is higher
and persists longer in the febrile stage during primary compared to post-primary infections [12,
23, 24]. Conversely, studies have demonstrated IgG RDTs are better at capturing post-primary
infections as IgG is believed to be absent during the acute phase of primary disease [22, 25].
Although, it has been shown during a primary infection, patients can begin to elicit IgG towards
the end of the acute phase while very early stage post-primary infections still experience increasing
titres of IgG which may not be high enough to yield IgG RDT positive results [12, 14]. Indeed one
study revealed the IgG RDT sensitivity for capturing secondary DENV infections was lower
among those reporting before disease day 4 [26]. Consequently, assuming all primary and post-
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primary dengue infections would yield IgG RDT negative and positive results, respectively, could
result in misclassification. Despite studies demonstrating that combining the three NS1, IgM and
IgG RDTs improves diagnostic performance, it remains unclear what exact combination of RDT
outcomes, at specific stages of infection, indicate primary or post-primary dengue infections.

Documenting DENV immune status at the point of care could assist surveillance opera-
tions. The age at which patients present with their first (primary) DENV infection has been
shown to correlate with the force of infection in endemic cities [27] and establishing immune
status promptly might assist in the deployment of vaccinations targeted at those with primary
DENYV exposure [28]. Moreover, as patients can deteriorate quickly during a DENV infection,
determining primary and post-primary immune status prior to the development of severe
symptoms could potentially assist in clinical case management in health care settings [1]. For
instance, post-primary DENV patients could receive closer monitoring and be prioritised for
limited IHT compared to primary DENV patients. Yet whether this would be appropriate for
effective case management remains unknown and would require further investigation.

Prior to this study, we generated and validated an algorithm capable of distinguishing indi-
vidual primary and post-primary DENV immune status that relies on basic epidemiological
and laboratory-obtained metrics from single serum samples [12]. The framework utilises indi-
vidual molecular and serological DENV metrics from the CDC fourplex DENV1-4 PCR assay
and commercial IgM and IgG capture ELISAs (Panbio, Abbott, Cat no. 01PE10 & 01PE20),
respectively. Panbio serological assays were chosen based on a WHO report which compared
their performance to other commercial assays which revealed similar sensitivities [29]. The
novel algorithm achieved 90% agreement with the WHO gold standard method for categoris-
ing immune status based on paired sera and proved superior to the Panbio method for classify-
ing immune status [11, 12]. Given dengue serological assays have been shown to detect cross-
reactive antibodies elicited from other flavivirus infections, including Zika virus (ZIKV) which
is often co-endemic with dengue [30-32], previous analysis explored the impact of ZIKV expo-
sure on the generated DENV immune status algorithm [12]. Results revealed a proportion of
those with post-primary, opposed to primary, DENV infections had evidence of ZIKV IgG but
not IgM exposure. This suggested some patients had historical ZIKV exposure that primed
individuals for a subsequent post-primary-like, instead of a primary-like, DENV infection
upon their first infection with DENV. Moreover, further analysis suggested post-primary
DENV infections with prior ZIKV exposure were at risk of adverse clinical symptoms [32]
which has been previously reported in Nicaragua [33]. These findings suggested that individu-
als categorised as post-primary DENV infections include those with either prior exposure to
DENV and/or other flaviviruses [12]. A major challenge associated with the generated
immune status algorithm is the reliance on laboratory-derived metrics (PCR and ELISA), con-
sequently this framework has limited value in low-resource, regional health care settings [16].
In this study, we investigated whether RDT's can be utilised to accurately determine primary
and post-primary immune status of reporting patients at the point of care. Specifically, we
examined: 1) the utility of combining the outcomes of NS1, IgM and IgG RDTs in accurately
capturing both primary and post-primary dengue infections; 2) the translatability between
dengue laboratory tests and RDTs; and 3) The probability of being primary or post-primary
dengue cases by every possible NS1, IgM and IgG RDT outcome at specific days of disease.

Methods
Ethics statement

This study was approved by the ethical review boards of the London School of Hygiene and
Tropical Medicine (Ref: 17853), the Research Institute for Tropical Medicine (Ref: 2017-014),
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Nagasaki University/The National Institute of Hygiene and Epidemiology, Vietnam (Ref:
VNO01057) and Eijkman Institute for Molecular Biology (Ref: 136/2019). Verbal consent was
obtained from patients over 18 years, while verbal assent was acquired from those under 18
years coupled with parent/guardian consent, for the use of serum samples. All unique partici-
pant identifiers were removed before data acquisition.

Data collection

Data were obtained from suspected dengue patients who visited health care facilities during
the acute stage of disease in the Philippines (N: 28,326), Vietnam (N: 1,217) and Indonesia (N:
200). Suspected dengue patients included those with a self-reported sudden acute fever cou-
pled with at least two additional warning signs: headache, malaise, myalgia, arthralgia, retro-
orbital pain, anorexia, nausea, vomiting, diarrhoea, flushed skin and/or rash in accordance
with WHO criteria [6]. Specific data collected from patients in each dataset are highlighted in
(S1 Table).

In the Philippines, data were collected from a survey of dengue patients who visited disease
reporting units (DRUs) situated across the country between 2014 and 2018. In major, regional
DRUs, five weekly random serum samples were collected from suspected dengue patients dur-
ing the acute phase of disease. In smaller regional health care centres across the Philippines,
samples were collected from patients during an upsurge in case reporting defined according to
Philippine Integrated Disease Surveillance and Response (PIDSR) criteria [34]. Additional epi-
demiological data were collected from patients including age, sex, disease day (date of report-
ing-date of symptom onset), symptoms (no warning signs, warning signs, severe dengue).
Serum samples were sent to the Research Institute of Tropical Medicine (Department of
Health, Manila, Philippines) for further laboratory testing.

In Vietnam, data used in this study were obtained from those who reported with suspected
dengue to a Polyclinic or the Tropical Disease Hospital out-patient clinic in Nha Trang city
between October 2016 and May 2019. We enrolled patients who gave home addresses from
four communes in Nha Trang City: Vinh Hai, Vinh Phuoc, Vinh Tho, and Vinh Hoa. Serum
samples underwent subsequent laboratory testing at the Pasteur Institute in Nha Trang. Epide-
miological data collected from patients included: Age, sex, symptoms, and disease day.

In Indonesia, serum samples were collected from suspected dengue patients that reported
across regions of Indonesia between July 2014 and July 2019 originally obtained for a previous
study [18]. Additional epidemiological data provided for each sample included age and disease
day. Samples were stored and assayed at the Eijkman Institute, Jakarta, Indonesia.

Dengue testing

All serum samples collected from patients included in this study (N: 29,743) received labora-
tory dengue testing in their respective institutes. Samples were assayed for the presence of
DENV1-4 viremia using the CDC fourplex, real-time polymerase chain reaction (RT-PCR)
test according to methods described in [35]. Briefly, dengue serotype-specific primers amplify
viral RNA and yield critical threshold (Ct) values which inversely corresponds to the level of
viral RNA (viremia). Samples with Ct values <36 were considered PCR positive for DENV.
The presence of DENV IgM and IgG antibodies was performed using Panbio capture ELISAs
according to manufacturer’s instructions (Cat no: 01PE20; 01PE21, Abbott). Assays detect
IgM/G antibodies specific to all serotypes and provide plate-calibrated titre outputs termed
‘panbio units’.

Additional laboratory and RDT testing were conducted among samples obtained from
Vietnam and Indonesia. In Vietnam, patients were tested, at the point of care in the Polyclinic,
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for the presence and absence of NS1 using DENV NS1 RDTs (Cat no: 70700, Bio-Rad, Inc) (N:
1,217). Among samples from Indonesia, patient serum samples were tested for DENV NS1
using both NS1 capture ELISAs (Cat no: 01PE40, Abbott) and NS1 RDTs (Cat no:
09DEN10D, SD Biosensor) according to commercial guidelines and in the laboratory. NS1
capture ELISAs generated plate-calibrated titres termed ‘NS1 panbio units’. Finally, samples
collected from Indonesia were further tested for the presence or absence of DENV IgM/G
using IgM and IgG RDTs in line with manufacturers specifications in the laboratory (Cat no:
09DEN20D, SD Biosensor). A summary of the data collected from reporting patients in each
country are shown in (S1 Table).

Statistical analysis

Using laboratory and basic epidemiological data, we categorized the reference DENV immune
status (primary, post-primary, historical and negative) of the entire study population using the
exact methods described in [12]. Patients who reported as either PCR+ or IgM+ (Ct<36 or
IgM panbio units>9.9) were classified as active DENV infections as both these markers are
detectable during infection. PCR- and IgM- (IgM panbio units<9.9) cases were categorised as
non-active DENV infections and represent patients misdiagnosed as suspected active dengue.
Non-active DENV infections were further classified as historical or negative if they were
DENV IgG positive (IgG panbio units>2.2) or negative (IgG panbio units<2.2), respectively.
Historical and negative cases included misdiagnosed patients who reported without a current
dengue infection yet with and without previous exposure to DENV, respectively. IgG:IgM
ratios (IgG panbio units/IgM panbio units) were used to distinguish active DENV infections
as primary or post-primary cases. Among active dengue patients at the early stage of disease
(disease day 1 or 2), those DENV IgG+ and IgG- were classed as post-primary and primary
respectively. Among active cases on disease day 3 to 5, individuals with IgG:IgM ratios above
and below 0.45 were categorised as post-primary and primary respectively. As a consequence
of previous findings [12, 32], post-primary cases included current DENV infections with at
least one previous flavivirus infection including DENV and or ZIKV. An overview of the refer-
ence DENV immune status classification is shown in S1 File.

Using binomial logistic regression modelling, we estimated the probability of being RDT
positive according to corresponding laboratory-derived metrics with 95% confidence intervals
(ELISA & PCR). Using data from Indonesia, we estimated the probability of being IgM and
IgG RDT positive according to IgM and IgG panbio units, respectively. From the Vietnam
dataset, we predicted the probability of being NS1 RDT positive according to DENV viremia
(Ct value). To account for the lag in NS1 production during the viraemic stage of infection, we
stratified NS1 logistic regression models by disease day. To assess the validity of logistic regres-
sion modelling, Hosmer-Lemeshow tests were used to determine appropriate model fits (p-
value>0.05). For each model, the optimal laboratory-derived metric cut off for RDT positivity
was determined using Youden’s ] index (sensitivity + specificity— 1) [36]. The threshold refers
to the optimal estimated probability of being RDT positive according to sensitivity/specificity
based on actual RDT outcomes. This approach was adopted to minimise the misclassification
of RDT outcomes according to corresponding laboratory metrics. Moreover, the percentage
agreement between of the combined (NS1, IgM and IgG) estimated and actual RDT outcomes
were calculated. To estimate immune status according to RDTs, we estimated the NS1, IgM
and IgG RDT status of all patients from the Philippines with defined primary, post-primary,
historical and negative DENV immune status according to laboratory testing (S1 File). Lastly,
we calculated the probability of being primary, post-primary, historical and negative according
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to every combination of RDT result possible using all three rapid tests, stratified by disease
day.

Results

In our study population, we observed similar demographic characteristics among suspected
dengue patients who reported in Indonesia, Vietnam, and the Philippines (S2 Table). Most
were aged between 6-15 years (>33.4%), reported 3—4 days after the onset of disease symp-
toms (>51.0%) and presented with post-primary DENV infections (>48.7%). There were con-
trasting patterns in the DENV serotypes patients presented with. In Vietnam only 0.5% (4/
803) of patients assayed by PCR were DENV-3, while among those assayed for PCR in the
Philippine dataset, 17.1% were DENV-3 (4535/26,494).

Dengue infection kinetics

We explored disease-day stratified DENV infection kinetics among primary and post-primary
dengue patients according to the laboratory and RDT data collected among patients from
Indonesia (Fig 1) (N:200). Viremia, as measured by Ct value, and NS1 levels, measured by
ELISA, plateaued at higher levels during the acute phase of primary infections (Fig 1A and 1B)
yet were lower and dropped more rapidly during the acute phase of post-primary infections
(Fig 1E and 1F). This was mirrored by the higher proportion of primary cases who were NS1
RDT positive (81.8% 45/55) compared to post-primary cases (45.9% 50/109) during the acute
phase of disease (Fig 1T and 1M). Likewise, we found both IgM and IgG RDT outcomes
matched IgM and IgG ELISA laboratory values, respectively. For IgG, ELISA titres among pri-
mary cases remained low during the acute phase with only 20.0% (11/55) IgG RDT positive
(Fig 1D and 1K). In contrast, median IgG ELISA values increased to high levels among post-
primary cases (Fig 1H) which was reflected by an increase in IgG RDT positivity from 13.3%
(2/15) to 78.4% (29/37) on disease days 1-2 and 4-5, respectively (Fig 10). Given not all early-
stage post-primary cases yielded IgG RDT positive outcomes, these results indicate assuming
post-primary and primary DENV cases would present as IgG RDT positive and negative,
respectively, would result in immune status misclassification. Lastly, we found combining
RDTs maximised the chances of identifying primary and post-primary DENV infections at all
stages of acute disease. For primary and post-primary cases, 94.6% (52/55) and 95.4% (104/
109) were positive to either NS1, IgM or IgG RDTs, respectively (Fig 1L and 1P).

Among patients from the Philippines with serotype and PCR (Ct values) data, we explored
whether the contrasting viremia kinetics among primary and post-primary cases during the
acute stage of disease were driven by the infecting serotype (S1 Fig). Irrespective of serotype,
viremia decreased from higher levels in primary cases compared to post-primary cases. We
also investigated whether contrasting NS1 patterns observed between primary and post-pri-
mary cases was influenced by certain serotypes secreting more/less NS1 proteins (S3 Table).
We found NS1 RDTs effectively captured most DENV1-4 PCR+ infections, regardless of
immune status (Sensitivity>80% for each serotype).

Estimating RDT outcomes according to laboratory metrics

To investigate the translatability between laboratory and rapid dengue diagnostics, we
explored whether DENV RDT outcomes could be predicted from DENV laboratory test results
using logistic regression models. Models were assessed using Hosmer-Lemeshow tests which
revealed no significant poor model fits (p-value>0.05) (S2 Fig). Among dengue patients from
Indonesia (N:200), logistic regression models were used to estimate the probability of being
IgM/G RDT positive according to IgM/G ELISA panbio units, respectively (Fig 2A and 2B).
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Fig 1. Infection kinetics among primary and post-primary DENV patients from Indonesia by disease day according to laboratory and rapid tests. A-H:
Boxplots of viremia (Ct), NS1, IgM and IgG by disease day among primary and post-primary cases according to PCR and ELISA tests. I-P: Proportion RDT
positive to NS1, IgM, IgG and all combined by disease day among primary and post-primary cases. Black error bars: 90% confidence intervals based on t-
distributions. (Primary N: 55) (Post-primary N:109).

https:/doi.org/10.1371/journal.pntd.0010365.g001

For both IgM and IgG, the estimated probability of being RDT positive increased with increas-
ing ELISA panbio units. According to the highest Youden’s J-index values, thresholds of 15.2
and 11.9 panbio units provided the optimal sensitivity and specificity for determining IgM and
IgG RDT positivity, respectively. Individuals with ELISA values below and above these
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Fig 2. Estimated probability of being DENV RDT positive according to corresponding laboratory-derived metrics using logistic regression modelling. A:
IgM RDT positivity according to IgM panbio units and the corresponding sensitivity/specificity among patients from Indonesia (N:200) B: IgG RDT positivity
according to IgG panbio units and the corresponding sensitivity/specificity among patients from Indonesia (N:200) C: NS1 RDT positivity according to
viremia (Ct value) and the corresponding sensitivity/specificity stratified by disease day among patients from Vietnam (N: 1,217). Grey dash: estimated
laboratory-derived metric threshold for RDT positivity according to the optimal Youden’s ] index value.

https://doi.org/10.1371/journal.pntd.0010365.9002

thresholds were considered RDT positive for each antibody. This resulted in 43.0% (86/200)
with estimated IgM RDT positive outcomes which corresponded to 37.5% (75/200) with actual
IgM RDT positivity (Sensitivity: 74.7% [95%CI: 63.3-84.0%], Specificity: 76.0% [95%Cl: 67.5-
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Table 1. Estimated laboratory-test values that yield RDT positive results compared to actual RDT outcomes. Estimated RDT positivity threshold refer to the optimal
Youden’s ] index value. Estimated/actual NS1 RDT positivity determined among patients from Vietnam (N: 1,217). Estimated/actual IgM/IgG RDT positivity determined

among patients from Indonesia (N:200).

DENV

metric

NS1

IgM
IgG

Disease

day

g W=

Lab test
threshold®

<29.3Ct
<35.4Ct
<37.4Ct
<37.8 Ct
<37.7 Ct
>15.2 PU
>11.9 PU

Estimated RDT Actual RDT Sensitivity Specificity
positive positive
% N n % N n % [95% CI] % [95% CI]

36.2 138 50 34.8 138 48 89.6 [77.3-96.5] 92.2 [84.6-96.8]
65.9 293 193 68.9 293 202 91.1 [86.3-94.6] 90.1 [82.1-95.4]
62.7 279 175 67.4 279 188 89.4 [84.0-93.4] 92.3 [84.8-96.9]
56.1 289 162 68.9 289 199 72.9 [66.1-78.9] 81.1 [71.5-88.6]
57.8 142 82 73.2 142 104 70.2 [60.4-78.8] 76.3 [59.8-88.6]
43.0 200 86 37.5 200 75 74.7 [63.3-84.0] 76 [67.5-83.2]
47.0 200 94 44.5 200 89 82.0 [72.5-89.4] 81.1 [72.5-87.9]

* Estimated laboratory test value that corresponds to RDT positivity
Ct, Critical threshold; PU, Panbio units

https://doi.org/10.1371/journal.pntd.0010365.t001

83.2%]) (Table 1). For IgG, our optimal threshold resulted in 47.0% (94/200) with estimated
IgG RDT positivity which corresponded to 44.5% (89/200) actual IgG RDT positivity (Sensitiv-
ity: 82.0% [95%ClI: 72.5-89.4%), Specificity: 81.1% [72.5-87.9%]) (Table 1).

Among patients from Vietnam (N: 1,217), we estimated NS1 RDT outcomes according to
DENYV viremia (PCR Ct value) (Fig 2C). As PCR assays detect DENV RNA directly from the
virus and NS1 RDTs detect virus-secreted proteins that peak during and after viremia, we
opted to stratify logistic regression models by disease day to account for the delayed NS1 pro-
duction. For each day of disease, the probability of being NS1 RDT positive increased with
decreasing Ct values (increasing viremia). According to the logistic function however, as day
of disease progressed, individuals were more likely to be NS1 RDT positive at lower levels of
viremia. For instance, among those with a DENV PCR Ct value of 34, we estimated 22.9%
[95%CI: 11.8-33.7%] were NS1 RDT+ on disease day 1 while we estimated 79.6% [95%CI:
71.4-87.6%] were NS1 RDT positive on disease day 5 (Fig 2C). This infers NS1 levels are
impacted by both the amount of virus and the stage of infection. Consequently, this yielded
disease-day specific NS1 RDT thresholds according to PCR Ct values which increased with dis-
ease day (Table 1). Upon predicting NS1 RDT outcomes according to disease day-stratified
thresholds, we estimated 36.2% (50/138) were NS1 RDT positive on disease day 1 which corre-
sponded to 34.8% with actual NS1 RDT positive results on disease day 1 (Sensitivity: 89.6%
[95%CI: 77.3-96.5%; Specificity: 92.2% [95%CI: 84.6-96.8%]). By disease day 5, this agreement
decreased slightly as 57.8% (82/142) and 73.2% (104/142) had estimated and actual NS1 RDT
results, respectively (Sensitivity: 70.2% [95%CI: 60.4-78.8%; Specificity: 76.3% [95%CI: 59.8-
88.6%]) (Table 1).

After generating DENV PCR and ELISA test thresholds that we estimated gave rise to NS1
and IgM/G RDT positive results, respectively, we explored how well our laboratory thresholds
could estimate all 3 RDTs combined. Among the Indonesian sample population (N:200) who
were tested using all 3 RDTs, we investigated the combined estimated RDT outcome agree-
ment with the actual combined DENV RDT results (Table 2). Overall, our combined RDT out-
come estimates achieved 79.5% (159/200) agreement overall. After stratifying by immune
status, estimated and actual RDT agreement for primary and post-primary cases equated to
87.3% (48/55) and 78.0% (85/109), respectively. Together these results demonstrated that we
were able to accurately determine the outcomes of DENV RDTs according to patient DENV
laboratory metrics.
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Table 2. Agreement between the estimated and actual combined DENV RDT results of patients in Indonesia.

DENYV infection Combined RDT
status agreement
% n N
Age
0-5 82.4 28 34
6-15 78.2 68 87
16-30 82.6 38 46
>31 75.8 25 88
Disease day
1-2 84.2 32 38
3-4 79.4 81 102
5 76.7 46 60
Serotype
DENV-1 92.0 23 25
DENV-2 80.0 20 25
DENV-3 80.0 20 25
DENV-4 76.0 19 25
PCR- 77.0 77 100
DENYV immune status
Primary 87.3 48 55
Post-primary 78.0 85 109
Historical 70.0 14 20
Negative 75.0 12 16
Total 79.5 159 200

https://doi.org/10.1371/journal.pntd.0010365.t002

Combining RDTs to estimate primary and post-primary DENV status

According to the optimal dengue laboratory metric thresholds, we estimated the NS1, IgM and
IgG RDT positive and negative status of study population in the Philippines which lacked

Table 3. The probability of being primary, post-primary or historical for DENV according to every outcome combination of NS1, IgM and IgG RDTs stratified by
disease day. RDT results estimated among patients from across the Philippines (N: 28,326).

Estimated RDT | Disease day
result 1 2 3 4 5
Total |Probability Total |Probability Total |Probability Total |Probability Total | Probability
1° 2° | Hist 1° 2° | Hist 1° 2° | Hist 1° 2° | Hist 1° 2° | Hist

1 positive RDT
NS1+ IgM- IgG- 248 | 0.51 | 049 | 0.0 | 460 | 0.47 | 0.53 | 0.0 | 612 | 0.36 | 0.64 | 0.0 | 299 | 0.44 | 0.56 | 0.0 78 | 046 | 0.54 | 0.0
NS1- IgM+ IgG- 180 | 045  0.55 | 0.0 | 224 | 051 | 049 | 0.0 | 364 | 098 | 0.02 | 0.0 | 376 | 0.99 | 0.01 | 0.0 | 270 | 0.99 | 0.01 | 0.0
NSI1- IgM- IgG+ 160 | 0.0 H 048 | 052 | 246 | 0.0 | 0.44 | 0.56 | 388 | 0.0 | 0.46 | 0.54 | 308 | 0.0 | 049 | 0.51 | 184 | 0.0 | 0.47 | 0.53
2 positive RDT's
NS1+ IgM+ IgG- 18 | 0.33 | 0.67 | 0.0 118 | 048 | 0.52 | 0.0 | 237 | 097 | 0.03 | 0.0 | 265 | 0.97 | 0.03 | 0.0 98 | 0.96 | 0.04 | 0.00
NS1+ IgM- IgG+ 19 0.0 | 1.0 | 0.0 119 | 0.0 | 1.0 | 0.0 199 | 0.0 | 1.0 | 0.0 151 | 0.0 | 1.0 | 0.0 54 0.0 | 1.0 | 0.0
NS1- IgM+ IgG+ 551 0.0 1.0 0.0 908 0.0 1.0 0.0 1613 | 0.0 1.0 0.0 1747 | 0.0 1.0 0.0 926 0.0 1.0 0.0
3 positive RDTs
NS1+ IgM+ IgG+ 6 00 | 1.0 | 00 | 204 | 00 | 1.0 | 0.0 | 658 | 00 | 1.0 | 0.0 | 818 | 0.0 | 1.0 | 0.0 | 331 0.0 | 1.0 | 0.0

1°, Primary DENV; 2° Post-primary DENV; Hist, Historical DENV infection

https://doi.org/10.1371/journal.pntd.0010365.t003
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RDT data (N: 28,326). For every possible RDT outcome using all three tests by disease day, we
calculated the probability of being primary, post-primary and historical for dengue (Table 3).
It should be noted, all those with at least one predicted positive RDT result were either pri-
mary, post-primary or historical for dengue. The most common combination of RDT out-
comes in the study population was NS1-, IgM+ and IgG+ (5,745) while the least common was
NS1+, IgM- and IgG+ (542). For many combinations of RDT outcomes on specified disease
days, RDT results corresponded to very clear immune status outcomes. The presence of an
IgG+ RDT result nearly always represented a post-primary DENV infection. For instance, on
disease day 3, 100% (1,613/1,613) of patients with an estimated NS1- IgM+ IgG+ RDT out-
come combination were post-primary dengue infections. At the early stages of infection (dis-
ease day 1-2), IgG negative RDT results yielded uninformative immune status outcomes. Yet
towards the later stages of acute disease (disease day 3-5), IgG negative RDT results were often
confirmatory of primary infections. For instance, patients with estimated NS1- IgM+ IgG-
RDT outcomes on disease days 4 and 5 had a >99% probability of being a primary case. These
results reveal certain combinations of RDT results, at different stages of infection, can be confi-
dently used to determine immune status while some combinations yield more uncertain
conclusions.

Discussion

In this study, we demonstrated that dengue rapid tests corresponded well to associated labora-
tory metrics and that combining different types of RDT's accurately captured laboratory-deter-
mined primary and post-primary DENV infections. At certain stages of an acute DENV
infection, different combination of NSI, IgM and IgG RDT results gave rise to clear predic-
tions of immune status, yet at other stages of disease, ambiguous immune status classifications
were estimated. We found that IgG RDT positivity was almost always confirmatory of a post-
primary DENV infection. In contrast, an IgG RDT negative result on fever days 1 and 2 were
suggestive of both primary and post-primary infections while at fever days 3 to 5 were confir-
matory of a primary infection. This infers simply classifying reporting primary and post-pri-
mary DENV cases according to IgG RDT negative and positive results, respectively, would
lead to immune status misclassification.

As shown previously, combining NS1, IgM and IgG DENV RDTs maximises the chances of
capturing both primary and post-primary dengue infections and that using NS1 RDT's individ-
ually, risks misdiagnosing DENV infections [17, 22]. We revealed the poor performance of
NS1 RDTs in diagnosing post-primary cases is attributed to the lower overall viremia post-pri-
mary cases experience during the acute phase of disease (relative to primary cases)—a trend
that has been shown before [23, 24]. It has been suggested that enhanced, T-cell modulated,
viral clearance may account for patients with post-primary dengue to present with lower vire-
mia than primary cases [37, 38]. Alternatively, post-primary cases could just be typically
reporting earlier than primary infections [39]. Concerning IgG RDTs, we found many early
acute stage (fever day 1-2) post-primary infections were IgG RDT negative due to their low
IgG titres. This may be a consequence of pre-elicited IgG titres rising from low levels during
the early stage of a post-primary infection which are not high enough to generate a positive
IgG RDT result due to elevated test thresholds [25].

In our study, we revealed individual laboratory metrics (PCR, IgM, IgG) were good predic-
tors of corresponding NS1 IgM and IgG RDT outcomes. Despite this, we did observe some
discordance between RDT results and laboratory metrics. For instance, several individuals
with low antibody ELISA values still produced IgM/G RDT positive results. This might be due
to the contrasting commercial brands used for the ELISAs and RDTs that rely on different
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epitopes present on DENV antigen that have contrasting immunogenicities. In contrast, some
with elevated ELISA antibody response were negative for corresponding antibody RDTs. This
trend could be attributed to ELISAs, yet not RDTs, cross-reacting with other flaviviruses
including ZIKV which has shown to be potentially widespread across dengue-endemic coun-
tries [30-32]. It is now well established commercial DENV ELISAs cross-react with ZIKV [40,
41] yet whether DENV antibody rapid tests cross-react with ZIKV remains poorly character-
ised and deserves further attention [25, 42]. For NS1, we found as the disease progressed, the
probability of being RDT positive increased for any level of viremia. This is likely a conse-
quence of the time lag between DENV viremia and NS1 secretion whereby NS1 proteins per-
sist longer in the bloodstream than detectable nucleic acid [23, 43]. This was likely a key factor
for why we were less able to accurately predict NS1 RDT positivity later during the acute phase
of disease. By disease day 5, our models predicted Ct value of less than 37 (very low viremia)
had >50% probability of yielding a NS1 RDT positive result. Overall however, our estimated
combined RDT outcomes achieved a high level of agreement with actual RDT outcomes in the
study population demonstrating we could reasonably estimate the RDT status of those without
RDT data.

Our combined rapid test framework for determining primary and post-primary dengue
immune status has the potential to assist dengue control efforts. It could strengthen regional
surveillance systems in settings where laboratory testing is unfeasible [16]. For instance, health
care workers could utilise the framework to calculate the age of those reporting primary infec-
tions to estimate and monitor the dengue force of infection as described in [27]. Furthermore,
this framework could be used to inform vaccination deployment. Currently, the only fully
licensed vaccine against dengue, Dengvaxia, is recommended to those with prior dengue expo-
sure in endemic areas aged between 9 and 45 years [44]. This is to ensure dengue-naive recipi-
ents are not primed for a subsequent severe secondary infection by vaccination [45, 46].
However, current screening methods are unable to distinguish those with one or multiple pre-
vious infection(s) [47]. Consequently, numerous individuals could be targeted, at cost, for vac-
cination yet would not benefit from the protection as they may have experienced multiple
dengue infections beforehand. Our framework could be used to identify reporting patients
with primary infections who represent suitable targets for vaccination. Moreover, monitoring
the age of reporting primary infections in certain settings could be informative for population-
based pre-vaccination screening. If in high endemicity areas patients report with their first
dengue infection at an earlier age than 9 years, this could warrant other younger children in
these areas for pre-vaccination screening.

Our rapid test framework also has the potential to benefit dengue case management. Given
a secondary DENV infection is a risk factor for severe disease [5, 48], determining immune
status using these simple point-of-care tests could assist health care workers in prioritising
patients for further monitoring and additional supportive treatment [10]. However, it should
be noted that most suspected dengue cases who report to health facilities are post-primary
DENYV infections as these infections are associated with more symptomatic outcomes than pri-
mary infections [49, 50]. Consequently, prioritising all post-primary patients for additional
severe disease monitoring in health care facilities would likely be unviable. Nonetheless, there
are other potential prognostic markers of severe disease, including serum chymase [51] NS1
[52] and RNA/proteins [53]. Furthermore, it has been previously shown that post-primary
dengue infections under the age of 10 years are at greater risk of severe disease than those over
ten years [27]. Therefore, whether this immune status rapid test framework could be integrated
with other prognostic markers into an early severe disease warning system, such as those
described in [54, 55], warrants further investigation.
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There are some noteworthy limitations associated with this study. Firstly, our results are
limited to the commercial diagnostics used in this analysis. Other commercial kits may have
varying sensitivities and specificities that may yield slightly contrasting results. Despite this,
our work provides a methodological framework for other kits to be evaluated. Secondly, the
accuracy of this immune status RDT framework was based on a laboratory immune status
framework that had 90.5% serological agreement with the gold standard WHO method for cat-
egorising primary and secondary dengue [12]. Therefore, our accuracy estimates are likely
slightly overestimated. Lastly, our combined RDT outcome classification of immune status is
based upon estimated, not actual, RDT results. This was necessary as just estimating the
immune status based on the minority with actual RDT results would yield less confident
results.

Conclusions

We describe methods for estimating the primary and post-primary immune status of dengue
patients at the point of care, using a combination of simple-to-use rapid diagnostic tests. Using
all three NS1, IgM and IgG RDTs, we demonstrate how at certain stages of infection health
care workers and surveillance operations could confidently determine types of dengue infec-
tions. It is hoped our framework might lead to improved dengue case management and disease
surveillance by identifying those who may benefit from close monitoring and could be utilised
to estimate dengue transmission intensity.
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