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Background. Early prediction of severe dengue could significantly assist patient triage and case management.

Methods. 'We prospectively investigated 7563 children with <3 days of fever recruited in the outpatient departments of 6 hospitals
in southern Vietnam between 2010 and 2013. The primary endpoint of interest was severe dengue (2009 World Health Organization
Guidelines), and predefined risk variables were collected at the time of enrollment to enable prognostic model development.

Results. The analysis population comprised 7544 patients, of whom 2060 (27.3%) had laboratory-confirmed dengue; nested
among these were 117 (1.5%) severe cases. In the multivariate logistic model, a history of vomiting, lower platelet count, elevated
aspartate aminotransferase (AST) level, positivity in the nonstructural protein 1 (NS1) rapid test, and viremia magnitude were all
independently associated with severe dengue. The final prognostic model (Early Severe Dengue Identifier [ESDI]) included history
of vomiting, platelet count, AST level. and NS1 rapid test status.

Conclusions. 'The ESDI had acceptable performance features (area under the curve = 0.95, sensitivity 87% (95% confidence
interval [CI], 80%-92%), specificity 88% (95% CI, 87%-89%), positive predictive value 10% (95% CI, 9%-12%), and negative pre-
dictive value of 99% (95% CI, 98%-100%) in the population of all 7563 enrolled children. A score chart, for routine clinical use, was
derived from the prognostic model and could improve triage and management of children presenting with fever in dengue-endemic

areas.
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Dengue is the most common arboviral infection of humans
and a public health burden in much of tropical Asia and Latin
America [1]. Seasonal epidemics, with children and young
adults most affected, place enormous stress on healthcare sys-
tems in endemic countries. The burden of dengue in 10 endemic
countries was revealed with precision in phase 3 vaccine trials
of the now licensed Dengvaxia vaccine, in which approximately
10% of all febrile episodes in the control groups were confirmed
to be dengue cases [2]. Among these dengue cases, the percent-
age requiring hospitalization was 19.1% in the Asian cohort and
11.1% in the Latin American cohort [2].
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The pathophysiological hallmarks of severe dengue are
increased capillary permeability, coagulopathy, and a hemor-
rhagic diathesis. For some patients this can lead to hypovolemic
shock, called dengue shock syndrome (DSS), with or without
clinically severe bleeding. Other rare complications can include
hepatic dysfunction, central nervous system involvement, and
myocarditis [1, 3]. Progress in clinical management, particu-
larly fluid resuscitation and monitoring in intensive care, has
led to a decline in the dengue case fatality rate over the last 2
decades; it is now <1% of hospitalized cases in many settings
[1], but can exceed 20% if treatment is inadequate [4]. There are
no specific antiviral or disease-modifying treatments for den-
gue despite recent efforts [5-8].

DSS typically manifests between the fourth and sixth day of
illness, during the so-called critical phase [1, 9, 10]. Features
such as abdominal pain, lethargy, rapidly rising hematocrit level,
and persistent vomiting have anecdotally been associated with
progression to DSS or other clinically severe manifestations.
However, the prognostic value of these signs and symptoms,
which usually occur near the time of shock, have not been for-
mally evaluated. Thus emergency department physicians seeing
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a patient with 3 days of fever in whom dengue is suspected are
faced with a dilemma; to send the patient home with a request
that they return for follow-up or to admit them for observa-
tion as they approach the critical phase. The hospitalization of a
large number of dengue cases for observation inevitably places
a burden on healthcare resources and has direct and indirect
costs to patients and their families.

Previous studies have explored early prognostic factors and
algorithms for predicting moderate or severe dengue. However,
heterogeneity in the case populations (adults vs children, hospi-
talized vs outpatient) and clinical definitions of “severe” dengue
[11-15] makes it difficult to make broad conclusions [1, 16-18].
Additionally, most earlier prognostic studies did not report the
positive and negative predictive values of the prognostic tool
[11, 19, 20]. Against this backdrop, the aim of this current study
was to develop a practical, prognostic tool to enable the early
prognosis of severe dengue in Vietnamese children.

METHODS

Human Research Ethics

The scientific and ethical committees of all participating hos-
pitals and the Oxford University Tropical Research Ethical
Committee (OXTREC 35-10) approved the study. Parents or
guardians provided written informed consent for the child to
participate. The study was conducted in compliance with good
clinical practice guidelines.

Study Population

This was a prospective study of children with fever present-
ing to the outpatient departments of collaborating hospi-
tals in Vietnam including the Hospital for Tropical Diseases,
Children’s Hospital No. 1, Children’s Hospital No. 2, Tien Giang
Provincial Hospital, Dong Nai Children’s Hospital, Binh Duong
Provincial Hospital, and Long An Provincial Hospital. The pre-
defined sample size was to enroll a sufficient number of patients
to detect 160 severe dengue cases (and thereby evaluate up to 16
predefined variables for their association with severe dengue),
or 13500 patients in total, whichever occurred first. For fund-
ing reasons, the study stopped after enrollment of 7563 patients
(and 117 severe dengue cases). The consequences of not recruit-
ing the targeted number of severe cases was 2-fold. First, we
downsized the number of predictor variables for testing so as to
be compliant with the rule of thumb of having a minimum of 10
outcome events per predictor variable in the regression proce-
dures. A relatively smaller sample size will also have generated
a larger confidence interval for the estimation statistics than
would otherwise have been the case. Study enrollment com-
menced on 1 October 2010 and finished on 31 December 2013.
Children 1-15 years of age, accompanied by a parent/guardian
with a mobile phone, who presented to the designated outpa-
tient clinic with <72 hours of fever and in whom the attend-
ing physician believes dengue was a possible diagnosis were

eligible for enrollment. Exclusion criteria were as follows: (1)
the attending physician believed they were unlikely to be able to
attend follow-up or (2) the attending physician believed another
(nondengue) diagnosis was more likely.

Data Collection at Enrollment

Demographic details, clinical history and findings, and blood
samples for hematology, biochemistry, nonstructural protein
1 (NS1) rapid test (NS1 Ag STRIP, Bio-Rad), and quantitative
reverse-transcription polymerase chain reaction (qQRT-PCR)
were collected at the time of patient enrollment. The attending
physician was provided the routine hematology results only in
order not to bias the decision on the patient’s management (eg,
hospitalization vs ambulatory follow-up).

Patient Follow-up and Case Definitions
All ambulatory patients were followed up by daily phone call
to determine whether they were still at home or had been hos-
pitalized since the previous call. Daily phone calls were made
until the fever had resolved and the patient had returned to
daily activities. In 10% of all ambulatory patients, we collected
a convalescent blood sample (2 mL) on or after day 6 of illness
for the purposes of diagnostic (immunoglobulin M [IgM])
serology. The selection of cases for follow-up and collection of a
convalescent blood sample were by random assignment using a
computer-generated randomization list. For patients who were
hospitalized at any time during the 6 days after enrollment, a
second blood sample was collected at the time of discharge from
hospital and a case report form completed to capture data on
whether the patient evolved to severe dengue according to the
World Health Organization (WHO) 2009 classification scheme.
Laboratory-confirmed dengue was defined as a positive
result with either one of the following tests: (1) validated qRT-
PCR assay [21]; (2) NS1 enzyme-linked immunosorbent assay
(ELISA) (Platelia Dengue NS1 Ag ELISA, Bio-Rad); or (3) IgM
seroconversion in paired blood samples (Panbio, Brisbane,
Australia). IgM seroconversion was defined as a change in test
result from negative to positive in paired plasma samples with the
second sample collected >6 days after illness onset and >2 days
after the first sample. A stepwise approach to diagnostic testing
was performed. First, all enrollment plasma samples were tested
with a validated, gqRT-PCR assay to detect dengue virus (DENV)
RNA. Next, any enrollment plasma samples that were negative in
the qQRT-PCR assay were tested using the Platelia Dengue NS1 Ag
ELISA assay and scored according to the manufacturer’s instruc-
tions. Samples with equivalent results were repeated and, if still
equivocal, they were scored as negative. Next, IgM ELISA serol-
ogy (Panbio) was performed according to the manufacturer’s
instructions for patients who had paired plasma samples (100%
of hospitalized cases and 10% of ambulatory cases) and who were
negative in both the DENV qRT-PCR assay and Platelia Dengue
NS1 ELISA. Patients who had negative test results for DENV
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qRT-PCR and NS1 ELISA and no IgM seroconversion in paired
blood samples were classified as “not dengue.” Patients who had
negative test results for DENV qRT-PCR and NS1 ELISA at the
time of enrollment, but did not have paired samples available for
serology, were classified as a “presumptive not dengue” case. For
analysis, data from “not dengue” and “presumptive not dengue”
cases were pooled and were categorized as “other febrile illness”

Statistical Methods

To develop the prognostic models for severe dengue, we used
logistic regression procedures with predefined clinical, hema-
tological, and biochemical variables and NS1 rapid test status.
Bayesian information criteria were used to downselect from the
original full models to the most parsimonious model for prac-
tical clinical application. Model validation was examined by 2
approaches: (1) “leave-one-site-out cross-validation”—that is,
repeatedly developing the algorithm on all but 1 study site and
validation on the left-out study site; and (2) temporal validation
with patients recruited before 15 June 2012 as the training set
and patients recruited thereafter as the evaluation set [22]. The
final logistic regression model was converted to a nomogram
for ease of use in clinical practice. All analyses were performed
with the statistical software R version 3.1.1 (R Foundation
for Statistical Computing, Vienna, Austria). Significance was
assigned at P < .05 for all parameters and was 2-sided.

RESULTS

Baseline Characteristics of Study Participants

Between October 2010 and December 2013, we enrolled 7563
children with fever history of <72 hours at the outpatient depart-
ments of 7 hospitals in southern Vietnam. A description of the
study profile is shown in Figure 1. There were 7544 patients with

complete hematological and biochemical data, of whom 2060
(27.3%) had laboratory-confirmed dengue and 1954 (25.9%)
were viremic as determined by qRT-PCR. Amongst the 2060
laboratory confirmed dengue cases, there were 117 (5.6%) cases
of severe dengue (WHO 2009 Guidelines) but no deaths. Table
1 describes the baseline characteristics of the study population.

Prognostic Models for Early Identification of Severe Dengue Cases Among
Febrile Patients

For simplicity, all continuous variables were treated as linear
terms in the multivariable model development of the prog-
nostic algorithm (Supplementary Table 1 and Supplementary
Statistical Appendix). Many of the predefined clinical and
laboratory variables that were collected at enrollment were
associated with progression to severe dengue in the univari-
ate analysis (Table 2). In the multivariate logistic model, a
history of vomiting, lower platelet count, elevated aspartate
aminotransferase (AST) level, and positivity in the NS1 rapid
test were all independently associated with severe dengue
within the population of febrile patients. The most practical
and parsimonious prognostic model, herein called the Early
Severe Dengue Identifier (ESDI), included history of vomiting,
platelet count, AST (per 2-fold increase), and NSI rapid test
status at the time of enrollment (Table 3). Figure 2A illustrates
the performance characteristics of the ESDI at various cutoffs
in the febrile population. At the cutoff of 0.02, the ESDI had
a sensitivity of 87% (95% CI, 80%-92%), specificity of 88%
(95% CI, 87%-89%), positive predictive value of 10% (95% CI,
9%-12%), and negative predictive value of 99% (95% CI, 98%-
100%) for correctly discriminating severe dengue from other
cases within the febrile population. This cutoff was very close
to the point on the receiver operating characteristic (ROC)

7563 patients enrolled

19 Patients were excluded:

» -2 Had missing values for
hematology.

7544 Patients had
complete hematological
and biochemical results

available

- 17 Had missing values for
biochemistry.

N

2060 laboratory-confirmed dengue cases:
- RT-PCR positive: 1954 cases (94.9%)
- RT-PCR negative and NS1 ELISA
positive: 84 cases (4.1%)
- RT-PCR negative, NS1 ELISA negative
and IgM seroconversion: 22 cases (1%)

5484 patients with other febrile iliness:

- RT-PCR negative, NS1 ELISA negative
and no IgM seroconversion: 1064 cases
(19.4%)

- RT-PCR negative and NS1 ELISA
negative: 4420 cases (80.6%)

O\

117 severe dengue‘ ‘ 1943 dengue ‘

Figure 1.

Study profile with a description of the patient cohort and subgroups that were used to derive the prognostic models. Abbreviations: ELISA, enzyme-linked immu-

nosorbent assay; IgM, immunoglobulin G; NS1, nonstructural protein 1; RT-PCR, reverse-transcription polymerase chain reaction.
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Table 1. Baseline Characteristics of Study Participants

Severe Dengue

Nonsevere Dengue

Other Febrile lliness

Characteristic (n=117) (n=1943) (n = 5484)
Age, y 9(7-1) 9 (6-11) 5 (3-8)
BMI, kg/m? 16.9 (14.6-20.1) 16.5 (14.7-19.0) 15.6 (14.2-17.7)
Day of illness

1 15 (12.8) 426 (22.0) 1659 (30.3)

2 43 (36.8) 789 (40.8) 2372 (43.4)

3 59 (50.4) 718 (37.1) 1437 (26.3)
Vomiting 79 (67.5) 804 (41.6) 1902 (34.8)
Abdominal pain 34 (29.1) 385 (19.9) 930 (17.0)
Mucosal bleeding 9(77) 12 (5.8) 134 (2.5)
WBC count, x 10° cells/uL 3.7 (2.5-5.8) 4.9 (3.6-6.9) 9.0 (6.4-12.5)
Platelet count, x 10° cells/uL 110 (86.5-147) 182 (144-227) 242 (201-291)
Hematocrit, % 40 (378-42.3) 38.6 (36.6-40.6) 374 (35.3-39.7)
Albumin, g/L 43.3 (40.5-45.1) 43.8 (41.8-45.8) 44.2 (42.2-46.2)
AST, U/L 101 (61.5-155) 50 (40-66) 42 (35-49)
NS1 rapid test positive 97 (82.9) 1360 (70.4) 37 (0.7)
Viremia concentration, log,, copies/mL 75 (6.4-8.3) (n = 115) 72 (6.0-8.2) (n = 1839)

Serotype (n =115) (n =1839)

DENV-1 38 (32.5) 725 (375)

DENV-2 37 (31.6) 404 (20.9)

DENV-3 6 (5.1) 181 (9.4)

DENV-4 34 (29.1) 519 (26.8)

Unknown 2(1.7) 104 (5.4)

Values are presented as median (interquartile range) for continuous variables or frequency (%) for categorical variables. All laboratory results were acquired on the day of enroliment.
Abbreviations: AST, aspartate aminotransferase; BMI, body mass index; DENV, dengue virus; NS1, nonstructural protein 1; WBC, white blood cell.

curve closest to the upper left corner (perfect model), which
was 0.018 (Figure 2A). The area under the ROC curve (AUC)
of the ESDI in the analyzed population was 0.95 using the cut-
off of 0.02 (Figure 2B).

The calibration plot shows that the ESDI overestimates the risk
of severe dengue in the highest decile of predicted probability
(Figure 2C)—that is, patients scored as having the highest decile
of risk actually have a lower true risk than the model suggests.

Table 2. Univariate Analysis of Candidate Predictors of Severe Dengue Among Laboratory-Confirmed Dengue and All Subjects

Severe Dengue vs Nonsevere Dengue Among

Laboratory-Confirmed Dengue Cases Severe Dengue vs All Other Study Participants

Predictor OR 95% ClI PValue OR 95% ClI PValue
Age (+ 1) 1.00 .95-1.06 .901 1.16 1.10-1.21 <.001
BMI (+ 1 kg/mz) 1.03 .98-1.09 223 1.10 1.04-1.15 <.001
Day of illness (+ 1 d) 1.53 1.17-1.99 .002 1.97 1.562-2.56 <.001
Vomiting: Yes 2.92 1.96-4.33 <.001 3.60 2.45-5.36 <.001
Abdominal pain: Yes 1.65 1.09-2.49 .018 1.89 1.25-2.81 .003
Mucosal bleeding: Yes 1.35 67-2.74 405 2.40 1.12-4.54 .027
WBC (+ 1000 cells/pL) .85 .78-93 <.001 .66 .60-.71 <.001
Platelet count (+ 10 000 cells/pL) .82 .79-.85 <.001 77 74-79 <.001
Hematocrit (+ 1%) 114 1.08-1.20 <.001 1.20 1.14-1.26 <.001
Albumin (+ 1 g/L) .92 .87-97 .003 .89 .85-.94 <.001
AST (per 2-fold increase) 3.74 3.00-4.68 <.001 5.07 4.18-6.16 <.001
NS1 rapid test positive: Yes 2.06 1.26-3.36 .004 20.82 13.12-34.77 <.001
Viremia (+ 1 log,, copies/mL) 1.22 1.07-1.39 .003
Serotype?

DENV-1 1.00

DENV-2 1.74 1.09-2.79 .020

DENV-3 .63 .26-1.52 .305

DENV-4 1.25 .78-2.02 .355

Abbreviations: AST, aspartate aminotransferase; BMI, body mass index; Cl, confidence interval; DENV, dengue virus; NS1, nonstructural protein 1; OR, odds ratio; WBC, white blood cell.
“Univariate effect of serotype on severe dengue estimated from univariate logistic regression, using DENV-1 as reference group.
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Table 3. Multivariate Analysis of Candidate Predictors for Severe Dengue in All Subjects

Full Model With Predefined Candidate Predictors

Reduced Model by Stepwise BIC (ESDI)

Predictor OR 95% ClI PValue OR 95% ClI PValue
Age (+ 1) .97 .91-1.05 481

BMI (+ 1 kg/m?) 1.03 .97-1.09 .369

Day of illness (+ 1 d) 1.69 .58-1.18 .295
Vomiting: Yes 2.13 1.36-3.32 <.001 2.14 1.4-3.3 <.001
Abdominal pain: Yes .98 .60-1.61 .933

Mucosal bleeding: Yes 1.74 .79-3.85 192

WBC count (+ 1000 cells/uL) 1.04 .95-1.14 A1
Platelet count (+ 10 000 cells/ul) .83 .79-.88 <.001 .85 .81-.88 <.001
Hematocrit (+ 1 %) 1.06 1.00-1.14 .059

Albumin (+ 1 g/L) 1.00 .93-1.07 937
AST (per 2-fold increase) 2.67 2.09-3.43 <.001 2.72 2.14-3.45 <.001
NS1 rapid test positive: Yes 9.91 5.68-17.59 <.001 8.61 5.12-14.48 <.001

Full model with predefined candidate predictors: clinical, hematological, and biochemical features and NS1 rapid test status.

Abbreviations: AST, aspartate aminotransferase; BIC, Bayesian information criteria; BMI, body mass index; Cl, confidence interval; ESDI, Early Severe Dengue Identifier; NS1, nonstructural

protein 1; OR, odds ratio; WBC, white blood cell.

A summary of the performance characteristics of the ESDI by tem-
poral and leave-one-site out validation is presented in Table 4. The
ESDI clearly showed good discriminative performance for both
temporal and leave-one-site out validation with an AUC of at least
0.96. Leave-one-serotype-out validation results (Supplementary
Table 2) demonstrated the ESDI was robust to differences in the
serotypes that contributed to the dengue case population.

A Practical Tool for Physicians to Predict Severe Dengue

A nomogram was developed to predict severe dengue using the
4 independent parameters in the ESDI (Figure 3). The nom-
ogram is used by totaling the points assigned on the scales
for each independent parameter. For example, a patient with
vomiting, a platelet count of 100000 cells/pL, positive NS1
rapid test, and an AST level of 280 U/L (7-fold increase com-
pared with the upper normal value of 40 U/L) has a score of
5+ 89 + 14 + 26 = 134, and the corresponding risk of severe
dengue is approximately 35%.

DISCUSSION

The great majority of clinically severe complications in pediat-
ric dengue patients occur between the fourth and sixth day of
illness [1, 9, 10]. Thus there is a window of opportunity in the
first few days of illness to both make a diagnosis and try to iden-
tify those patients at greatest risk of severe complications so that
their management can be adapted accordingly. Yet the current
standard of care in relation to diagnosis and prognosis in many
endemic countries relies mostly on subjective clinical skills that
are variable across different countries, across different levels of
the health system, and between individual physicians. Here we
demonstrate the feasibility of evidence-based early prognosis
(within 72 hours of illness onset) of severe dengue using simple
clinical and laboratory investigations that are available in many
endemic settings. The ESDI model could be helpful to physicians

looking for an evidence-based tool to improve triage and man-
agement. It could also deliver efficiencies to clinical trials (ie,
enable enrollment of patients at greater risk of severe dengue).

The ability to make an early, evidence-based prognosis of
severe dengue could have practical rewards to clinical care,
health systems, and clinical research. First, the ESDI could assist
clinical services in identifying at-risk patients for triage to more
regular observations than would occur under the current stand-
ard of care; this could mean hospitalization or more regular
visits in an outpatient setting. Additionally, for outpatient care,
communication to the patients caregivers could be appropri-
ately calibrated and with attention to WHO-nominated clinical
warning signs [1]. The benefits of early prognosis, with accom-
panying closer clinical management, could potentially include a
reduction in the frequency with which cases progress to severe
disease and, hence, cost to the healthcare system and to families.
However, the generally low positive predictive value of the ESDI
(10% at a cutoff of 0.02) inevitably means that a large number of
cases identified as being at risk of severe disease will in fact have
uneventful disease evolutions. Nonetheless, the ESDI poten-
tially offers a tool to clinicians in some circumstances because
they currently work in a vacuum of evidence with respect to
early prognosis of pediatric dengue cases.

In the context of the multiparameter ESDI, the inclusion of
NS1 status (by rapid test) delivered a small but incremental
improvement to prognostic model performance. Clinical tri-
als of candidate dengue therapeutics [5-7] have employed NS1
rapid tests to enable early diagnosis and enrollment. However,
NS1 rapid tests have no utility as stand-alone prognostic tests.
For example, a clinical trial of early prednisolone therapy in 225
NSI1 rapid test-positive Vietnamese children observed that only
6.7% of cases (in the placebo arm) developed DSS. Treatment
trials in NS1 rapid test-positive adult dengue cases observe an
even lower incidence of severe dengue [5, 7, 8]. Thus, currently,
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A Final model for all subjects, n=7544

1.
0.757
(0]
50'5 —— Sensitivity
—— Specificity
0.25 —— Distance
04 8utoff=0.018
0.0 0.25 0.5 0.75 1
Cutoff

B Final model for all subjects, n=7544

N
(@]
1

© o
(o)} o
1 1

©
~
1

True-positive rate

0.2 AUC = 0.95

0.04

0.0 0.2 0.4 0.6 0.8 1.0

True-positive rate

Final model for all subjects, n=7544

— Ideal
----- Nonparametric
A Grouped patients

© o o o o =~
o N S [} oo o
1 1 1 1 1 1

Severe dengue +

| Severe dengue -
] [] 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

Predicted severe dengue probability

Observed severe dengue probability e

Figure2. Performance of the Early Severe Dengue Identifier (ESDI) in reverse-tran-
scription polymerase chain reaction—positive dengue patients. A, Possible sensitiv-
ity/specificity trade-offs for different cutoff values of the ESDI and the distance
from the corresponding points on the receiver operating characteristic (ROC) curve
to the upper left corner (perfect model). B, ROC curve. C, Calibration plot displaying
a scatterplot-smoother of predicted vs observed risks (dashed line), predicted vs
observed risks for 10 patient strata of equal size grouped according to predicted
risks (triangles), and the ideal identity line (solid line). The rugs at the bottom of
the graphs characterize the distribution of predicted risks in severe dengue and
nonsevere dengue cases, respectively. Abbreviation: AUC, area under the curve.

early-phase clinical trials endeavoring to use severe dengue as
an endpoint would require very large patient sample sizes to

meet their objectives. The ESDI could potentially enhance the
efficiency of some trials by enriching the study population with
cases at higher risk of developing severe dengue, compared with
the NS1 rapid test used alone.

Many of the parameters used in the ESDI are collectable in
primary care settings in Vietnam and other endemic coun-
tries. For example, the NS1 antigen rapid test is available in
many hospital emergency department/outpatient settings in
Vietnam. NS1 rapid tests are recommended by WHO as a rou-
tine screening test for patients with clinically suspected dengue
in the acute febrile phase [23]. The diagnostic performance, and
limitations, of this test have been extensively described in this
patient cohort [24] and elsewhere [25-32]. Previous studies also
demonstrated that viremia levels in the first 72 hours of illness
were positively correlated with NS1 rapid test positivity [31,
33-36]. Blood hematology (platelet count) and biochemistry
(AST level) were also important to the operation of the ESDI;
hence, only in settings where these services are routinely avail-
able could the ESDI be utilized. Potts et al previously observed
that elevated AST in the first 3 days of illness was a predictor for
severe dengue [20]. Presumably, early elevations in blood AST
concentrations are a signal of the severity of disseminated virus
infection and tissue damage.

Not all DENV serotypes were equally associated with severe
outcomes. DENV-2 in particular was overrepresented among
severe cases, consistent with previous studies [37, 38]. For rea-
sons of study design, we could not dissociate whether DENV-2
was acting as a proxy for secondary infection, itself a well-rec-
ognized risk factor for severe dengue, or was independently
associated with severe dengue.

Only one previous prospective study, of 1384 febrile Thai
children (including 37 with DSS), by Potts et al, is similar in
study design to that reported here. Potts et al used classification
and regression tree analysis to derive an algorithm from lab-
oratory variables collected at the time of enrollment (platelet
count, white blood cell count, monocyte percentage, and hema-
tocrit). The best algorithm had 97% sensitivity and 48% speci-
ficity for the identification of patients who progressed to DSS
[20]; however, positive and negative predictive values were not
reported. The study described here includes several important
points of difference including (1) a much larger sample size and
inclusion of clinically severe cases who did not have DSS; (2)
acquisition of clinical and laboratory data; and (3) validation of
model performance.

Our study, and the resulting ESDI, has some inherent limita-
tions. First, the ESDI will not be suitable in all outpatient settings
because NSI rapid tests and biochemistry are not always availa-
ble. The ESDI is only applicable to observations made in the first
72 hours of illness; it is uncertain what the test performance will
be outside this window of presentation. The evolution of dengue
is probably impacted by clinical management, so the incidence
rate of severe dengue described in this study could be context
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Table 4. Performance of the Early Severe Dengue Identifier in All Subjects

Temporal Validation Leave-One-Site-Out Validation

Parameter Apparent Performance
Calibration intercept 0.09

Calibration slope 1.12

AUC 0.95 (.92-.98)
Sensitivity (cutoff 0.02) 0.87 (.80-.92)
Specificity (cutoff 0.02) 0.88 (.87-.89)
PPV (cutoff 0.02) 0.10 (.09-.12)
NPV (cutoff 0.02) 0.99 (.98-1)

0.11 0.13 (.09 10 .13)
1.20 1.17 (.95-1.22)
0.96 (.93-.99) 0.96 (.91-.98)
0.93 (.86-.97) 0.91 (.78-.95)
0.85 (.84-.86) 0.86 (.82-.92)
0.10 (.09-.12) 0.10 (.09-.12)
0.99 (.98-1) 0.99 (.97-1)

Data in parentheses are 95% confidence intervals. The prognostic model for severe dengue in all patients was the reduced model by stepwise Bayesian information criteria, derived from
the original full model that included all predefined clinical and hemobiochemical features and nonstructural protein 1 rapid test status.Abbreviations: AUC, area under the curve; NPV, negative

predictive value; PPV, positive predictive value.

dependent; for the same patient population, other settings
might observe a lower or higher incidence of severe dengue and
this could impact the prognostic classifier. Finally, although the
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Figure 3. Nomogram of the prognostic model to predict the risk of severe den-
gue. A vertical line from a predictor value to the “points” axis assigns paints to the 4
required variables: vomiting, platelet count (PLT), nonstructural protein 1 (NS1) rapid
test status, and aspartate aminotransferase (AST) level. The sum of these points (total
points) can then be translated to the corresponding predicted risk of severe dengue.

ESDI has a good discriminative ability (AUC = 0.95), the low
positive predictive value (common to many algorithms seeking
to classify relatively rare events) means that the number of true
severe dengue cases will be overestimated. Application of the
ESDI may result in excessive hospitalizations, unnecessary fol-
low-up procedures, and the associated economic burden than
would occur under the current standard of care. Further “pilot
phase” research is needed to understand the benefits and disad-
vantages of the ESDI in routine practice and clinical research.
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