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Early biomarkers for prediction

of severe manifestations of dengue
fever: a systematic review

and a meta-analysis

Samaneh Moallemi%2, Andrew R. Lloyd? & Chaturaka Rodrigo®2**

Early identification of dengue patients at risk of adverse outcomes is important to prevent hospital
overcrowding in low- to middle- income countries during epidemics. We performed a systematic
review to identify which biomarkers measured in first 96 h of fever could predict dengue haemorrhagic
fever (DHF, World Health Organization 1997 clinical classification) or severe dengue (SD, WHO 2009,
clinical classification). PubMed, Scopus, CINAHL, Web of Science, and EMBASE databases were
searched for prospective cohort and nested case—control studies published from 1997 to Feb 27, 2022.
The protocol for the study was registered in PROSPERO (ID: CRD42021230053). After screening 6747
publications, and analysing 37 eligible studies reporting on 5925 patients, elevated C-reactive protein,
aspartate aminotransferase, interleukin-8 and decreased albumin levels were strongly associated with
dengue haemorrhagic fever (by meta-analyses of multiple studies, p <0.05), while elevated vascular
cell adhesion protein 1, syndecan-1, aspartate aminotransferase and C-reactive protein levels were
strongly associated with severe dengue (by meta-analyses of multiple studies, p <0.05). Further 44
and 28 biomarkers were associated with the risk of DHF and SD respectively, but only in a single study.
The meta-analyses suggest the importance of early acute inflammation with hepatic involvement in
determining the subsequent course of illness in dengue.

Dengue infection, despite having a case fatality rate of less than 1%, imposes a significant burden on healthcare
resources due to the very large number of infections reported annually (an estimated 50-200 million cases
annually worldwide)?. Active disease transmission occurs in 128 countries, and most of the disease burden is in
tropical, low- and middle-income countries®. The incidence of dengue in these countries is typically seasonal,
with a large proportion of cases being reported within the space of a few months during and after the wet sea-
son, overwhelming limited healthcare resources and putting both dengue and non-dengue patients at risk of
preventable adverse outcomes. In dengue, adverse outcomes mostly occur in a subgroup of patients experiencing
plasma leakage (increased capillary permeability with fluid extravasation), and this typically occurs after the
first 96 h, around days 5-7 of fever. Thus, a system to predict those at risk of severe disease early in the infection
(within first 96 h of fever) could prevent unnecessary hospital admissions and enable early discharges, ensuring
equitable distribution of resources to patients who will most likely benefit from hospital admission. Individual
studies have identified demographic, clinical, genetic, virological and immunological risk predictors for severe
disease,’ but with often conflicting findings across studies.

Systematic reviews of these studies to identify commonly observed trends in risk predictors for severe den-
gue while adjusting for confounders across studies may be informative. Unfortunately, the quality of systematic
reviews on dengue are affected by the heterogeneity of study designs and varied outcome definitions. The ideal
study design for predicting risk factors for adverse outcomes in dengue is a prospective cohort study (or a
nested case—control study within a prospective cohort) collecting data and samples for analysis within the first
96 h of the illness when the likelihood of serious adverse outcomes is low. Patients should then be followed
prospectively to systematically record the occurrence of adverse outcomes according to criteria agreed a priori.
Retrospective studies are unlikely to achieve the precision and reliability of prospective study designs because
when outcomes (e.g., severe dengue, plasma leakage) are extracted from hospital records, the inter-observer bias
(of those originally recording the observation) is not controlled. Furthermore, outcomes such as plasma leakage
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can be determined in several ways (haematocrit, ultrasonography or both) and uniformity of outcome defini-
tion cannot be guaranteed retrospectively as can be done by a study protocol for a prospective study. Even with
prospective studies, the variation in outcome definitions reported in individual studies according to either the
1997 or 2009 World Health Organization clinical disease classifications**, as well as other classification systems
(i.e., presence or absence of plasma leakage)® pose a problem for systematic reviews as these outcomes are not
directly comparable to allow inclusion in a meta-analysis even if reporting on the same risk factor.

The aim of this systematic review was to identify host biomarkers, measured within the first 96 h of onset of
disease, associated with severe disease manifestations recorded later in the course of illness. Only prospective
cohort studies and nested case control studies were considered to preserve the quality of evidence. There are few
previous systematic reviews which have examined a similar research question on dengue. However, these focussed
only on children’, a single type of biomarker (e.g., lipoproteins)?, included retrospective or cross-sectional case
control studies affecting the quality of evidence, or included measurements beyond the first 96 h of fever, thus
diminishing the clinical relevance of evidence’. Some other comprehensive recent systematic reviews on risk
associations for severe dengue do not address the topic of biomarkers in-depth®. The last review on biomarkers
in dengue with comparable scientific rigor had a search date in 2019'°, and several new eligible studies were
published in the interval.

Methods

Inclusion criteria

Prospective cohort studies and nested case control studies, which recruited laboratory confirmed dengue patients
(adults and children) within the first 96 h from the onset of illness and compared concentrations of biomarkers
assessed within this time window, as predictors of prospectively defined disease severity categories were eligible.
The definition of biomarkers in this review included peptides or proteins, metabolites, electrolytes, and lipopro-
teins measured in plasma/serum, urine or other body fluids (e.g., saliva). The adverse outcomes were classified
according to three systems commonly used in dengue clinical research: dengue fever vs. dengue haemorrhagic
fever grades I-IV®, dengue fever with or without warning signs vs. severe dengue*, and absence vs. presence of
plasma leakage.

Retrospective and cross-sectional case control studies, studies reporting secondary data (systematic reviews),
those not reporting biomarker measurements within the first 96 h of fever, those only reporting on demographic,
genetic, transcriptomic, viral, haematological (cell counts), and clinical (signs and symptoms) risk predictors,
and those only involving animal or in vitro studies were excluded. The full list of exclusion criteria is provided
in Supplementary Table S1.

Search strategy

We searched PubMed, Scopus, CINAHL, Web of Science and EMBASE using the keywords "dengue" and ("plasma
leakage" OR "critical phase” OR "hemorrhag*" OR "DHEF" OR shock), and ("risk" OR "biomarkers" OR "predict"
OR "prognos*") in abstract, title and keywords, without language restrictions (Table 1). Bibliographies of eligible
articles and that of previous similar systematic reviews were searched manually as a secondary search. Only
articles published after 1997 were considered to maintain recency of evidence and to avoid conflicts in outcome
definitions due to older clinical classifications. The last date of the search was 27th February 2022. Authors of
eligible studies were contacted for missing information and both published and unpublished data were included.

Data collection and analysis

Study selection

Two authors (SM and CR) independently screened abstracts and identified articles for full-text review. Any
disagreements were resolved by consensus and after consulting with the third author (AL). In addition to exclu-
sion criteria given in Supplementary Table S1, some studies initially considered eligible were later removed after
full-text review and these are listed in the characteristics of excluded tables (Supplementary Table S2).

Database Search strategy Number of hits
(Dengue|Title/Abstract] AND (DHF[Title/ Abstract] OR plasma leakage[Title/ Abstract] OR critical phase[Title/Abstract]

PUBMED OR shock[Title/Abstract] OR hemorrhag*[Title/ Abstract]) AND (risk[Title/Abstract] OR biomarkers[Title/Abstract] OR | 1020
predict*[Title/ Abstract] OR Prognos*[Title/Abstract] OR Sever*[Title/ Abstract]))

S (TITLE-ABS-KEY (dengue AND (dhf OR "plasma leakage” OR "critical phase” OR shock OR hemorrhag*) AND (risk OR 2130

copus biomarkers OR predict* OR prognos* OR sever*))
. (TITLE-ABS-KEY (dengue AND (dhf OR "plasma leakage” OR "critical phase” OR shock OR hemorrhag*) AND (risk OR

Web of Science biomarkers OR predict* OR prognos* OR sever*)) 1980

CINAHL (TITLE-ABS-KEY (dengue AND (dhf OR "plasma leakage” OR "critical phase” OR shock OR hemorrhag*) AND (risk OR 142
biomarkers OR predict* OR prognos* OR sever*))

EMBASE (TITLE-ABS-KEY (dengue AND (dhf OR "plasma leakage” OR "critical phase” OR shock OR hemorrhag*) AND (risk OR 1475

biomarkers OR predict* OR prognos* OR sever*))

Table 1. Search strategy and results (Last date of search: 27th February 2022).
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Data extraction

From the included studies (Table 2 and Supplementary File S1), the following data were extracted: study popu-
lation and time window of recruitment, country of origin, clinical classification system of severity, method of
dengue diagnosis, method of biomarker measurement, sample size in each disease severity category, name and
concentrations of biomarkers assessed. Initial data extraction was done by SM using Microsoft Excel 365 and all
entries were independently re-checked by CR. When studies reported biomarker levels for the entire duration of
the illness, only data reported for the first 96 h of fever (or a time window within that period) were extracted. If
the biomarker concentrations and their variance were only reported in a figure (not in text or within supplemen-
tary material), an enhanced version of the figure was printed out and measures of central tendency (e.g., mean,
median) and the measure of dispersion (e.g., standard deviation or interquartile range) was estimated from the
y axis of the graph. Data reported as relative concentrations or fold changes (instead of absolute values) were
only considered for narrative descriptions. For meta-analyses, median and interquartile ranges were converted
to mean and standard deviation using an approximation method described by Wan et al.!’. Standard error of
mean and confidence intervals of mean were converted to standard deviation using methods described in the
Cochrane handbook!'?.

Quality assessment

Multiple quality assessment tools were considered for this study and the closest which met the requirements for
this meta-analysis was the tool developed by Wirsching et al.”® to assess the quality of biomarker based cross-
sectional studies (BIOCROSS). A version with minor modifications was developed to fit prospective cohort
studies (Supplementary Table 3). The quality of studies was independently evaluated by CR and SM. The modi-
fied BIOCROSS tool includes ten items covering five domains: ‘Study rationale’ ‘Design/Methods’ ‘Data analysis,
‘Data interpretation, and ‘Biomarker measurement’ with a maximum score of 20. An arbitrary cut-off score of 14
(70% of total score) was used to define “Tier 1” studies of high quality. All other studies were assigned to “Tier
2”. Any disagreements were resolved by consensus of all authors. Study quality assessment was also recorded on
a Microsoft Excel 365 worksheet.

Data analysis

Studies were combined in a meta-analysis only if they were comparable both for the biomarker assessed and the
outcomes reported (e.g., WHO 1997 or 2009 clinical guidelines). If one study reported daily variation of biomark-
ers and another the mean value over many days within the 96-h time window, daily mean and standard deviation
values were combined according to the Cochrane-recommended formula for meta-analysis to have the overall
mean and standard deviation representative of the 96 h period®'. Some studies combined all 4 grades of dengue
haemorrhagic fever (DHF I-IV) together, while others reported biomarker levels separately. To avoid heterogene-
ity, such studies were not combined. Meta-analyses were done with Review Manager version 5.4.1. (Cochrane
Collaboration, 2020) using a fixed effect model. A p-value <0.05 was considered statistically significant.

Assessment of heterogeneity

The strict selection criteria mentioned above was expected to reduce study heterogeneity in a meta-analysis, but
we also assessed heterogeneity post-meta-analyses using the I? statistic (>70% for high heterogeneity)®'. In the
case of high heterogeneity, the results were re-analysed with a random effects model.

Assessment of reporting bias
This was performed only if more than 10 studies were eligible to be combined in a single meta-analysis.

Subgroup and sensitivity analysis

A subgroup analysis was not done. However, a sensitivity analysis undertaken by combining following categories
as “severe disease”: severe dengue according to 2009 WHO classification, all categories of DHF according to 1997
WHO classification, and plasma leakage when this outcome alone was reported. All other patients were catego-
rised as “non-severe disease”. This approach has been used previously in a meta-analysis by Sangkaew et al.’.

Study protocol
The protocol for this systematic review was registered in PROSPERO (https://www.crd.york.ac.uk/prospero/,
ID: CRD42021230053).

Results

Thirty-seven studies that included 5925 patients met the inclusion criteria. Of these, 17 studies reported out-
comes according to the WHO 1997 clinical classification (DF vs. DHF)!4-17:19-22.24,28:32,33,36.38-40.45 and 17 reported
outcomes according to the WHO 2009 clinical classification!$25-27:29-31343537:4142.4446-49 ' pe study reported out-
comes according to both WHO clinical classifications'?, and two reported the severity outcome as the presence
or absence of plasma leakage?. Since the latter group had only a limited number of studies, presence of plasma
leakage in this group was considered as similar to DHF in the 1997 clinical classification for the purpose of the
meta-analyses. Thirteen studies initially considered as eligible were later excluded (see excluded studies table,
Supplementary Table S2). The eligible studies recruited patients between 1995 and 2019, mostly from South and
Southeast Asian countries and Latin American countries. 19 studies were combined in a meta-analysis as two
or more reported on the same biomarkers and outcomes (Fig. 1). Seven studies, despite measuring a biomarker
that had been assessed in one or more other studies, did not report variation of measurements or the units
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Method of confirmation Clinical classification Included in meta-
Study of dengue diagnosis Country Recruitment time system Number of patients | analysis? (yes/no)
. 13 RT-PCR, viral isolation, . B
Biswas, 2015 IgM ELISA Nicaragua 2005-2013 Both 1997 and 2009 789 Yes
Chaiyaratana, 2008'* IgM, IgG ELISA Thailand 2002-2005 1997 177 No
Conroy, 2015'"° 1%\:1[ ELISA, viral isola- Colombia Not mentioned 1997 111 Yes
Cui, 2016 RT-PCR, NS1 detection | Singapore Not mentioned 1997 116 Yes
Han, 2019" IgM, NS1 Elisa, China 2016 1997 36 No
Hapugaswatta, 2021'8 NS1 rapid test Sri Lanka 2015-17 2009 127 No
Houghton, 2010" RT-PCR Colombia 2005-2006 1997 38 No
Koraka, 2004%° IgM, IgG ELISA Indonesia 1995-96 1997 32 No
Kularatnam, 2019 IgM ELISA Sri Lanka 2013-14 1997 130 No
Kumar, 2012% RT-PCR Singapore 2005-06 1997 58 Yes
Lam, 2020% RT-PCR, NSl antigen, | e 2013-15 2009 75 Yes
IgM assays
Laur, 1998%* RT-PCR, IgM assay, Tahiti 1996-97 1997 52 No
Antibody tests, virus
Liao, 2015% isolation in C6/36 mos- | China 2009 2009 51 No
quito cells
Lin, 2019% NS1 Ag STRIP, RT-PCR, Taiwan 2014—2016 2009 108 Yes
and serology
IgM ELISA, rapid
Mapalagamage, 2018% immunochromatogra- Sri Lanka 2014-16 2009 138 No
phy test (NS1)
IgM ELISA/rapid
Mapalagamage, 2020 | chromatographic detec- | Sri Lanka 2015-16 1997 80 Yes
tion NS1
Mariappan, 2021% I];IfllsiLISA’ 18G, IgM India Not mentioned 2009 47 Yes
. 30 serologic assays, virus . _
Nhi, 2016 isolation, RT-PCR Vietnam 2011-12 2009 63 No
Pang, 2016 EEI'QSR’ 1gM. IgG Singapore 2005-08/2009-12 2009 158 No
Rathore, 2020 NS1 ELISA, RT-PCR Sri Lanka Not mentioned 1997 84 No
Saniathi, 2021%* Not mentioned Indonesia 2015-16 1997 80 Yes
Sigera, 2019* RT-PCR Sri Lanka 2017-20 2009 32 Yes
Silva, 2021% NS1 antigen testRT- | ¢ 5y, 1 2018-19 2009 120 No
qPCR
Suwarto, 2017°¢ RT-PCR, IgG, IgM Indonesia 2013-15 1997 103 Yes
ELISA
van de Weg, 2014”7 RT-PCR, ELISA Brazil 2011-12 2009 4 No
& > Aruba/2010Brazil
Villamor, 20173 NS1, RT-PCRIgM ELISA | Colombia 2003-09/2009-10 1997 345 Yes
Villamor, 2018* NS1, [gM ELISA, Colombia 2003-09/2009-10 1997 344 No
RT-PCR
Villar-Centeno, 2008* Z;:lyl;()lanon’ IgM Colombia Not mentioned 1997 201 Yes
" NS1 IgM ELISA, RT- Vietnam, El Salvador,
Vuong, 2021 PCR, viral isolation Cambodia, Malaysia 2011-15 2009 281 Yes
Vuong, 20202 NS1ELISA, RT-PCR | vietnam, El Salvador, =5, o 2009 1117 Yes
Cambodia, Malaysia
Yacoub, 20174 NS1 ELISA, RT-PCR Vietnam 2013-15 2009 293 No
44 RT-PCR, NS1 antigen or | .
44 > _
Yacoub, 2016 DENV IgM, IgG assays Vietnam 2013-14 2009 132 Yes
Yamanaka, 2013 RT-PCR-NSL 1gM. IgG | 1 jonesia 2008-10 1997 130 Yes
ELISA
Zain, 20174 IgM IgG ELISA for Indonesia Not mentioned 2009 42 No
serotyping only
Chandrashekhar, 2019* | IgG, IgM ELISA, NS1 India 2016-2018 2009 77 No
Fernando, 2016% 1gG, IgM, NS1 ELISA, Sri Lanka 2015 2009 30 Yes
Low, 2018 NS1 ELISA, RT-PCR Malaysia 2016-2017 2009 82 No
Table 2. Characteristics of included studies.
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Figure 1. PRISMA flow diagram of study selection.

of measurements'+?021243L3749 Three studies reported only percentage or -fold differences between patient
groups'”**¥. The results of these studies and those that reported on a biomarker not assessed in another study
are discussed narratively. Authors of eight studies were contacted for further information!#1%20:21:2431.34.39 "y
only those from two studies responded>**.
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Risk of bias and study quality assessment

Of the included studies, twenty-three were classified as Tier 1 studies according to BIOCROSS grading and
the rest were Tier 2 studies. The range of total scores varied from 10 to 17. Most of the variation was accounted
for by poor scoring in BIOCROSS items 3, 4, 8, 9, 10 which indicates problems in representativeness of study
populations, poor reporting of study population characteristics, inadequate details of specimen characteristics
and assay methods, laboratory measurements (i.e., quality control measures, testing samples in duplicate), and
insufficient information on biomarker data modelling (i.e., normal or non-normal distribution of data, handling
of outliers). The scores for each BIOCROSS item for all studies are given in Supplementary Table S4.

Biomarkers predicting the risk of dengue haemorrhagic fever (WHO 1997 classification)
Twenty-four biomarkers assessed by eleven studies were eligible to be combined in a meta-analy-
§ig!3191622:23,:28,34.36,38:4045 (Fig 2a and b). Of these only four biomarkers showed statistically significant results
associated with DHE These were increased aspartate aminotransferase levels (AST, RR: 48.72, 95% CI 19.20,
78.23, 2 studies, 534 participants, p=0.001)***, increased C-reactive protein levels (CRP, RR: 0.51, 95% CI
0.46, 0.56, 3 studies, 480 participants, p <0.00001)'>****, increased interleukin-8 (IL-8 or CXCLS8, RR: 17.87,
95% CI 7.73, 28, 2 studies, 114 participants, p <0.0005)'*?2, and decreased serum albumin levels (RR: — 1.64,
95% CI — 3.21, — 0.07, 2 studies, 534 participants, p=0.04)***’. The biomarkers which were not significantly
associated with the risk of DHF (p>0.05) were angiopoietin-2 (Ang-2, 2 studies, 148 participants)'>?, granu-
locyte colony stimulating factor (G-CSE, 2 studies, 114 participants) 1%, interferon gamma (IFN-y, 3 studies,
359 participants)'®?>%, interleukin-4 (IL-4, 2 studies, 114 participants)'®??, interleukin-6 (IL-6, 2 studies, 407
participants)?>*, interleukin-10 (IL-10, 4 studies, 570 participants) '>!¢?>%, interleukin 1 beta (IL-1p, 2 studies,
114 participants)'®??, macrophage inflammatory protein-1 beta (MIP-1p or CCL3, 2 studies, 114 participants)'®*,
tumour necrosis factor alpha (TNF-a, 2 studies, 397participants)'®*, vascular endothelial growth factor (VEGE,
2 studies, 234 participants)'>?%, Regulated upon activation normal T Cell expressed and presumably secreted
chemokine (RANTES or CCL5, 2 studies, 114 participants)!®??, low-density lipoprotein (LDL, 2 studies, 988
participants) 1>, high-density lipoprotein (HDL, 2 studies, 988 participants)'>*, total cholesterol (TC, 2 studies,
988 participants)'>*, fibroblast growth factor-basic (FGEF, 2 studies, 114 participants)'®*, Angiopoietin-1 (Ang-1,
2 studies, 148 participants)'>?, complement Factor D (2 studies, 223 participants)!*>*, alanine aminotransferase
(ALT, 2 studies, 534 participants)***, creatinine phosphokinase (CPK, 2 studies, 534 participants)***, Synde-
can-1 (SDC1, 2 studies, 137 participants)***®. Of these G-CSF, MIP-1p and TNF-a had statistically significant
differences when assessed with a fixed effect model but were noted to have high heterogeneity. When re-analysed
with random effects model, the results were not statistically significant.

Fourteen studies that assessed DHF as an outcome reported on 139 biomarkers that were assessed in a single
study only (no two studies assessed the same biomarker)!5-1719:22-2432,36,38-4043.45_Of thege, six studies did not
report variations of measurements, units of biomarker analysis or absolute abundance!*!7221243 The number
of participants in these 14 studies ranged from 34 to 344. Forty-four additional biomarkers were identified as
being significantly (p < 0.05) associated with DHF but as mentioned before the evidence is restricted to a single
study per biomarker. A full list of these biomarkers is shown in Table 3.

Biomarkers predicting the risk of severe dengue (WHO 2009 classification)
Seven biomarkers assessed by seven studies were eligible to be combined in a meta-analysis
Of these four biomarkers were statistically significantly associated with the risk of severe dengue. There were:
increased CRP (RR:9.79, 95% CI 5.14-14.44, 3 studies, 2289 participants, p <0.00001)***"*2, increased vascular
cell adhesion protein 1 (VCAMI, RR: 709.18, 95% CI 465.43-952.93, 2 studies, 861 participants, p <0.00001)*"4,
increased Syndecan-1 (RR: 0.71, 95% CI 0.52-0.90, 2 studies, 884 participants, p<0.00001)***!, and increased
levels of AST (RR: 17.70, 95% CI 7.98-27.43, 4 studies, 1582 participants, p =0.0004)**3*448 The remaining
biomarkers: ALT (4 studies, 1586 participants)?****#, alkaline phosphatase (ALP, 2 studies, 347 participants)***¢,
and CPK (2 studies and 1347 participants)***? were not associated with a higher risk of severe dengue (p>0.05).
Notably serum SDCI levels were not associated with DHE, although they were significantly associated with
severe dengue.

Eleven studies that assessed SD as an outcome reported on 41 biomarkers that were assessed in one study
only!$2729731,3435.41464899 "Three of these studies did not report variations of measurements or units of biomarker
analysis®***. The number of participants in these 11 studies ranged from 42 to 837. Twenty-eight additional
biomarkers were identified as been significantly (p <0.05) associated with SD where the evidence is restricted to
one study per biomarker. A full list of these biomarkers is shown in Table 4.

26,29,34,41,42,44,48 (Flg 3) .

Sensitivity analysis

When the diagnoses of both DHF and SD were combined as “severe disease”, fourteen biomarkers assessed in
seventeen studies were eligible to be combined in a meta-analysis!*16-22232526:28,29.33,34,36,39-42:44.48 (Rjg 43 and b).
Of these, six biomarkers were statistically significantly associated with the progression to severe disease. There
were increased Ang-2 (RR: 0.49, 95% CI 0.36-0.62, 3 studies, 985 participants, p <0.00001)'>?4!, increased AST
(RR: 19.96, 95% CI 10.56-29.37), 5 studies, 1781 participants, p < 0.0001)2¢34404248 ‘increased SDC-1 (RR: 0.71,
95% CI 0.52-0.90, 4 studies, 1021 participants, p <0.00001)>**3641 increased VCAM-1 (RR: 680.15, 95% CI
438.95-921.35, 3 studies, 863 participants, p <0.00001)?>3**144 increased interferon-gamma-induced protein-10
(IP-10 or CXCL10, RR: 1.33, 95% CI 0.35-2.30, 2 studies, 948 participants, p=0.008)'*>*, and increased hyalu-
ronan (RR: 1.22,95% CI 0.71-1.73, 2 studies, 211 participants, p <0.00001)*>%. The remaining biomarkers that
did not show significant differences (p >0.05) between severe and non-severe disease were albumin (3 studies,
1639 participants)®**1%42, ALT (5 studies, 1785 participants)?**+4%4248 CPK (3 studies, 1546 participants)>4*4,
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A DHF DF Mean Difference Mean Difference
Study or Subgroup ___ Mean SD Total Mean  SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
38.1.1 Albumin
Sigera,2018 3583 1189 19 379 439 316 85% -2.07[-7.44,3.30]
Villar Centeno, 2008 395 428 30 411 39 169 91.5% -1.60 [-3.24, 0.04]
Subtotal (95% Cl) 485 100.0%  -1.64[-3.21,-0.07]
Heterogeneity: Chi* = 0.03, df = 1 (P = 0.87); I = 0%
Test for overall effect: Z = 2.05 (P = 0.04)
3812ALT
Sigera,2018 7866 865 19 6833 5846 316 432%  10.33[-29.09,49.75] —_——
Villar Centeno, 2008 908 9038 30 697 776 169 56.8%  21.10(-13.29,55.49]
Subtotal (95% C) 49 485 100.0%  16.45[-9.47,42.36]
Heterogeneity: Chi? = 0.16, df = 1 (P = 0.69); I = 0%
Test for overall effect: Z = 1.24 (P = 0.21)
38.1.3 Ang-1
Conoray,2015 3363 189 46 339 1387 65 61.7% -0.27 [-6.69, 6.15] -
Mapalagamage, 2020 2343 1402 20 1972 1126 17 383% 3.71[4.44, 11.86] bl
Subtotal (95% C) 66 82 100.0% 1.25[-3.79, 6.30] *
Heterogeneity: Chi* = 0.57, df = 1 (P = 0.45); I = 0%
Test for overall effect: Z = 0.49 (P = 0.63)
38.1.4 Ang-2
Conoray,2015 21 122 46 18 083 65 97.3% 030[0.11,071] | |
Mapalagamage, 2020 593 335 20 487 406 17 27% 1.06 [-1.36, 3.48] r
Subtotal (95% CI) 66 82 100.0% 0.32[-0.08, 0.72]
Heterogeneity: Chi? = 0.37, df = 1 (P = 0.54); I* = 0%
Test for overall effect: Z = 1.57 (P = 0.12)
38.1.5 Factor D
Conoray,2015 136 03 46 136 037 65 93.1% 0.00[-0.12,0.12] | |
Yamanka,2013 208 112 58 256 134 54 69%  -048[-0.94,-0.02]
Subtotal (95% C) 104 119 100.0% -0.03[-0.15, 0.09]
Heterogeneity: Chi? = 3.91, df = 1 (P = 0.05); I = 74%
Test for overall effect: Z = 0.54 (P = 0.59)
38.1.6 HDL
Biswas, 2015 35.33 58 197 3541 416 592 95.1% -0.08 [-0.96, 0.80] | |
Villar Centeno, 2008 365 99 30 361 1028 169 4.9% 0.40[-3.47,4.27] T
Subtotal (95% Cl) 761 100.0% -0.06 [-0.91, 0.80]
Heterogeneity: Chi* = 0.06, df = 1 (P = 0.81); I = 0%
Test for overall effect: Z = 0.13 (P = 0.90)
38.1.7 IFNg
Cui,2016 021 016 27 015 011 25 230% 0.06[-0.01,0.13]
Kumar,2012 02634 01556 18 0724 17627 44  05% -0.51[-1.03,0.02]
Villamor,2017 0053 00647 10 0.0418 00535 235 76.5% 0.01[-0.03, 0.05] | ]
Subtotal (95% CI) 55 304 100.0% 0.02[-0.02, 0.06]
Heterogeneity: Chit = 5.19, df = 2 (P = 0.07); I = 61%
Test for overall effect: Z = 1.10 (P = 0.27)
38.1.81L-6
Kumar,2012 166 24 18 24 47 44 06%  -7.40[-25.17,10.37) —
Villamor,2017 5.1 36 110 49 98 235 99.4% 0.20[-1.22,1.62] | |
Subtotal (95% C) 128 279 100.0% 0.15[1.27,1.57]
Heterogeneity: Chi* = 0.70, df = 1 (P = 0.40); I* = 0%
Test for overall effect: Z = 0.21 (P = 0.83)
381.91L8
Cui.2016 56.7 27 27 367 133 25 784%  20.00[8.56,31.44] -
Kumar,2012 312 468 18 211 104 44 216%  10.10[-11.73,31.93] —_1
Subtotal (95% CI) 45 69 100.0%  17.87[7.73,28.00] -
Heterogeneity: Chi? = 0.62, df = 1 (P = 0.43); ' = 0%
Test for overall effect: Z = 3.46 (P = 0.0005)
38.1.10 IL-10
Conoray,2015 14513 25896 46 1849 280.89 65 2.0% -39.77[141.08,61.54]
Cui.2016 333 5833 27 333 4166 25 27.3%  0.00[-27.40,27.40] —_—
Kumar,2012 155 177 18 325 54 44 638%  -17.00[-34.93,093] ——
Villamor,2017 2053 2531 110 1384 2115 235 69%  6690[12.42 12138] e —
Subtotal (95% CI) 369 100.0%  -7.02[21.34,7.30] -
Heterogeneity: Chi* = 8.92, df = 3 (P = 0.03); I* = 66%
Test for overall effect: Z = 0.96 (P = 0.34)
38.1.11LDL
Biswas, 2015 5506 856 197 5546 361 592 99.2% -0.40 [-1.63, 0.83] | |
Villar Centeno, 2008 734 3651 30 831 315 169 08%  -9.70[-23.60,4.20] —T
Subtotal (95% Cl) 227 761 100.0% -0.47 .70, 0.75]
Heterogeneity: Chi = 1.71, df = 1 (P = 0.19); I = 41%
Test for overall effect: Z = 0.76 (P = 0.45)
38.1.12 CPK
Sigera,2018 0264 0422 19 02146 0.1677 316 68.4% 0.05[-0.14,0.24] n
Villar Centeno,2008  0.5496 075534 30 0.2987 05014 169 31.6% 0.25[-0.03, 0.53]
Subtotal (95% Cl) 49 485 100.0% 0.11[-0.04,0.27]
Heterogeneity: Chi? = 1.35, df = 1 (P = 0.24); I = 26%
Test for overall effect: Z = 1.40 (P = 0.16)
38.1.13 AST
Sigera,2018 128 108 19 86 70 316 36.0%  4200[7.17,91.17] I . —
Villar Centeno,2008 1427 9761 30 902 7892 169 640% 52501560, 89.40] — &
Subtotal (95% C) 49 485 100.0%  48.72[19.20,78.23] e o
Heterogeneity: Chi* = 0.11, df = 1 (P = 0.74); I = 0%
Test for overall effect: Z = 3.24 (P = 0.001)
38.1.14 CRP.
Conoray,2015 2293 2678 46 2306 2433 65 0.0% -0.13[-9.87,9.61]
Kumar,2012 054 007 10 003 004 24 100.0% 0.51[0.46, 0.56]
Sigera,2018 2666 2402 19 1866 2085 316 00% 8.00[-3.04, 19.04]
Subtotal (95% C) 75 405 100.0% 0.51[0.46, 0.56]
Heterogeneity: Chi’ = 1.78, df = 2 (P = 0.41); I = 0%
Test for overall effect: Z = 21.62 (P < 0.00001)
38.1.15 SDC1
Lam, 2020 9587 28089 9 7243 7672 25 10.5% 23.44[-162.52,209.40]
Suwarti,2017 5629 21461 73 67.78 11349 30 89.5%  -11.49[-75.31,52.33] i
Subtotal (95% C) 82 55 100.0%  -7.81[-68.17, 52.55]
Heterogeneity: Chi* = 0.12, df = 1 (P = 0.73); = 0%
Test for overall effect: Z = 0.25 (P = 0.80)
38.1.16 VEGF
Conoray,2015 164.86 20868 46 1563 1843 65 820%  8.56[-66.57,83.69] —
Kumar,2012 2025 321 18 381 2072 44 18.0% -88.50(-248.93,71.93 = ————
Subtotal (95% CI) 109 100.0%  -8.90[-76.93,59.14] e ——
Heterogeneity: Chi? = 1.15, df = 1 (P = 0.28); ! = 13%
Test for overall effect: Z = 0.26 (P = 0.80)
-100 -50 50 100
DHF DF

Test for subaroun differences: Chi = 317.70. df = 15 (P < 0.00001). I* = 95.3%

Figure 2. Meta-analysis of biomarkers between patients with dengue haemorrhagic fever (DHF) and those with
non-DHF dengue fever (DF)—(A) Fixed effect model, (B) random effect model.

CRP (5 studies, 2434 participants)'>?>**4142 T1-10 (5 studies, 582 participants)'>!¢?2%48 11.-8 (3 studies, 951

participants)!®?24!, interleukin-17 (IL-17, 2 studies, 92 participants

)22,48

and interleukin-1 receptor antagonist

(IL-1ra, 2 studies, 899 participants)*>*!. Of these, CRP, IL-17, IL-1ra and IL-8 showed statistically significant
results with high heterogeneity when using a fixed effects model, and the results were insignificant when re-
analysed with a random effects model.
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DHF DF Mean Difference Mean Difference
B _Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% ClI
38.2.26 IL-4
Cui, 2016 6 2.25 27 425 2 25 51.4% 1.75[0.59, 2.91]
Kumar,2012 9 4.3 18 12.6 23 44  48.6% -3.60 [-5.70, -1.50]
Subtotal (95% Cl) 45 69 100.0% -0.85 [-6.09, 4.39]

Heterogeneity: Tau? = 13.56; Chi? = 19.15, df = 1 (P < 0.0001); I* = 95%
Test for overall effect: Z = 0.32 (P = 0.75)

38.2.27 RANTES

Cui, 2016 0.014 0.012 27 0.007 0.003 25 48.7% 0.011[0.00, 0.01] :
Kumar,2012 0.01 0.0053 18 0.015 0.0047 44  51.3% -0.00 [-0.01, -0.00]
Subtotal (95% CI) 45 69 100.0% 0.00 [-0.01, 0.01]

Heterogeneity: Tau? = 0.00; Chi2 = 18.57, df = 1 (P < 0.0001); I = 95%
Test for overall effect: Z=0.14 (P = 0.89)

38.2.28 G-CSF
Cui,2016 96.6 36.6 27 6327 2664 25 51.4% 33.33[16.02, 50.64] —i—
Kumar,2012 64.4 50 18 134 103.6 44 48.6% -69.60[-107.95,-31.25] ¢— W ——

Subtotal (95% Cl) 45 69 100.0% -16.65 [-117.48, 84.17] = —

Heterogeneity: Tau? = 5066.88; Chi? = 22.99, df = 1 (P < 0.00001); I> = 96%
Test for overall effect: Z = 0.32 (P = 0.75)

38.2.29 IL-1B
Cui,2016 5 2 27 4 125 25 497% 1.00[0.10, 1.90] :
Kumar,2012 17 1 18 33 22 44 503% -1.60 [-2.40, -0.80]

Subtotal (95% CI) 45 69 100.0% -0.31 [-2.86, 2.24] [

Heterogeneity: Tau? = 3.19; Chi? = 17.97, df =1 (P < 0.0001); I = 94%
Test for overall effect: Z=0.24 (P = 0.81)

38.2.30 Cholesterol

Biswas,2015 106.2 12.85 197 105.86 4.82 592 60.4% 0.34 [-1.50, 2.18]

Villar Centeno,2008 128.9 37.76 30 1448 37.14 169 39.6% -15.90 [-30.53, -1.27] —
Subtotal (95% Cl) 227 761 100.0% -6.09 [-21.66, 9.47]

Heterogeneity: Tau? = 103.59; Chi? = 4.66, df = 1 (P = 0.03); I? = 79%
Test for overall effect: Z = 0.77 (P = 0.44)

38.2.31 MIP-1B
Cui,2016 184.61 77 27 1307 3853 25 58.0%  53.91[21.17, 86.65] —a—
Kumar,2012 1525 109.2 18 244 3627 44 420% -91.50 [-209.95, 26.95] ik

Subtotal (95% CI) 45 69 100.0% -7.20 [-147.87, 133.48]

Heterogeneity: Tau? = 8606.41; Chi? = 5.38, df =1 (P = 0.02); I’=81%
Test for overall effect: Z=0.10 (P = 0.92)

38.2.32 FGF-BASIC

Cui, 2016 833 367 27 567 385 25 49.7% 26.60 [6.12, 47.08] —i—
Kumar,2012 119 175 18 46 56.1 44 50.3% -34.10[-52.54, -15.66] ——
Subtotal (95% Cl) 45 69 100.0%  -3.92[-63.40, 55.56] et ——

Heterogeneity: Tau? = 1743.39; Chi? = 18.64, df = 1 (P < 0.0001); I = 95%
Test for overall effect: Z=0.13 (P = 0.90)

38.2.33 TNFa

Cui,2016 100 30 27 667 332 25 46.1% 33.30[16.05, 50.55] —i—
Villamor,2017 16.6 106 110 14.7 8.8 235 53.9% 1.90 [-0.38, 4.18] :

Subtotal (95% CI) 137 260 100.0%  16.39 [-14.29, 47.07]

Heterogeneity: Tau? = 453.59; Chi? = 12.52, df = 1 (P = 0.0004); 1> = 92%
Test for overall effect: Z = 1.05 (P = 0.30)

Test for subaroup differences: Chi? = 1.97. df =7 (P = 0.96). I> = 0%

Figure 2. (continued)

There were no data available to conduct a sensitivity meta-analysis by day of fever for any of the biomarkers.
When Tier 2 studies were removed from the meta-analyses (to see if same associations remain when only stud-
ies with a lower risk of bias were considered) statistically significant results remained for all four biomarkers for
DHEF (albumin, CRP, AST, IL-8). However, for severe dengue (WHO 2009 criteria) only the association with
AST remained (out of four previously significant biomarker associations). Similarly, for the “severe disease”
category outlined in the previous paragraph, only two (CRP, AST) out of six significant associations remained
after removal of Tier 2 studies. (Supplementary Fig. Sla and b).

Ranking of biomarkers according to quality of evidence
A list of all biomarkers assessed in one or more of included studies in this review is listed accompanied with a
ranking score in Supplementary File S2 according to the quality of evidence for each biomarker.
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Study Biomarker(s) No. of participants
Serotonin, kynurenine , phenylalanyl-tryptophan, oleamide, leucyl-phenylalanine, docosenamide, deoxyinosine, leucyl-Alanine,
Cui, 2016'¢ Sr};eixé)eflalanylphenylalanine, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF), N-heptanoylglycine, bilirubin, palmitic | 52
Han, 20197 Fibrinogen-like prqte_in 1 (FG‘L1), microﬁbril-asso;iated glycoprotgin 4 (MFA_P4), glutamate-ammonia ligase (GLUL), Coagulation 36
> Factor IX (F9), laminin subunit beta 2 (LAMB2), tissue type plasminogen activator (PLAT)
Kumar, 20127 Serum amyloid A (SAA), histidine-phosphotransfer (HPT), platelet-derived growth factor-BB (PDGF-BB) 34
Suwarto, 2017%¢ Chondroitin sulfate, claudin-5 103
Villamor, 2018% Pentadgcanoic ac}d, ste'flric gcid, behenic écid, Aln-7A cis-vaccenic gcid, Adocosapentaenoic acid (DPA), docosahexaenoic acid (DHA), 344
? 3n-6 dihomo-y-linolenic acid, 4n-6 arachidonic acid, 4n-6 adrenic acid, stearoyl-coA-desaturase 18, A5-desaturase 20

Villar-Centeno, 2008* | Lactate dehydrogenase (LDH), triglyceride (TG) 199
Houghton, 2010" Soluble suppression of tumorigenesis-2 (sST2) 38
Laur, 1998* Transforming growth factor beta (TGF-B) 52
Yamanaka, 2013% Complement component 2 protein (C2), complement C4-A 112
Chaiyaratana, 2008'* Ferritin 117
Conroy, 2015' endoglin (ENG), soluble intercellular adhesion molecules (sSICAMs) 111

Table 3. Biomarkers statistically significantly associated with dengue haemorrhagic fever (WHO 1997
classification) but only reported in a single study.

Discussion

Summary of main results

In this meta-analysis elevated serum CRP and AST levels in early disease (up to 96 h of fever) were associated
with an increased risk of progression to either DHF (WHO 1997 classification) or severe dengue (WHO 2009
classification). In addition, early increased levels of VCAM-1 and SDC-1 were also associated with increased
risk of severe dengue, while increased IL-8 and lowered albumin were associated with an increased risk of DHE
Furthermore, 44 and 28 biomarkers were identified to be statistically significantly different in those developing
DHF and SD respectively, in one-off studies that needs confirming in a second study. The association with severe
disease and elevated AST was consistently observed across all disease severity classifications and sensitivity
analyses performed within this systematic review.

Overall completeness and applicability of evidence

The methods of studies included in this review were highly heterogenous with different assays used to measure
the same biomarker, patients from different countries and age groups included, measurements taken on different
days within the 96-h period, and the final results being reported against two different dengue clinical classification
systems. It is not possible to control for all these confounders without compromising the capacity to perform
meta-analyses, but the quality of evidence was preserved by only including data from prospective cohort studies
which conducted biomarker measurements within the first 96 h of fever, prior to the establishment of adverse
disease manifestations. The results were reported separately for DHF (WHO 1997 classification) and severe
dengue (WHO 2009 classification) to further reduce heterogeneity as these two clinical classifications are quite
different. While there is a precedent for combining DHF and SD manifestations as “severe disease™, the clinical
utility of this approach is questionable as in our opinion as local guidelines in a country generally utilise one
classification or the other. Overall, the findings of this review for each biomarker should only be applied within
the participant (ethnicity, age group) and disease severity outcome groups for which evidence exists and should
not be extrapolated to groups that were not assessed in primary research studies.

The top biomarkers identified in this review as associated with DHF have a common “hepato-centric” theme.
AST elevation reflects hepatocellular injury resulting from direct viral infection or from the associated inflam-
mation are the likely source for this observation®*->*). CRP is an acute phase reactant produced by the liver in
response to acute inflammation®. Serum albumin, a multi-functional plasma protein produced by the liver is a
negative acute phase reactant, meaning it is downregulated in inflammatory states®, or it may be catabolised, or
lost from the circulation in the early stages of plasma leakage. All these patterns suggest that those who go on to
have DHF have a more profound early liver involvement. Interestingly, although IL-8 or neutrophil chemotactic
factor was the fourth biomarker associated with DHF, neutrophil accumulation in the liver is not a feature of
dengue hepatitis. This chemokine which is produced by macrophages, epithelial cells and endothelial cells not
only underpins acute neutrophilic inflammation but also promotes angiogenesis®. Nevertheless in early dengue
fever, a neutrophilia is sometimes observed, prior to the relative lymphocytosis, and IL-8 may play a role in this
manifestation®®. Again, this effect may be more profound in those who go on to develop DHE

In relation to severe dengue, in addition to CRP and AST, SDC-1 and VCAM-1 were also significant associa-
tions. Syndecans are transmembrane domain proteins (proteoglycans) that interact with several growth factors
(VEGE FGE TGF-p) leading to their activation, and play an important role in cell-to-cell or cell-to-extracellular
matrix adhesion. Syndecan-1 is predominantly expressed in epithelial and plasma cells®. VCAM-1 is another cell
adhesion molecule of the immunoglobulin superfamily, which is expressed on endothelial cells in inflammation
after stimulation by cytokines such as TNF-a, IL-1, IL-4)®. Elevation of both these biomarkers selectively in
those developing severe dengue is interesting and potentially hints at a direct and early role of these molecules
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SD DF Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI IV, Fixed, 95% CI
39.1.1 SDC1
Mariappan,2021 3.1 4.98 10 0.88 0.56 37  04% 2.23[-0.86, 5.32]
Vuong,2021 3.142 1.468 281 2.437 0.955 556 99.6% 0.71[0.52, 0.89]
Subtotal (95% CI) 291 593 100.0% 0.71 [0.52, 0.90]
Heterogeneity: Chi2 = 0.93, df =1 (P = 0.33); I2=0%
Test for overall effect: Z=7.38 (P < 0.00001)
39.1.2 CRP
Sigera,2018 26.66  24.02 19 18.66 2085 316 17.7% 8.00 [-3.04, 19.04] T
Vuong,2020 37.13 43.91 38 34.68 3711 1079 10.8% 2.45[-11.69, 16.59] -
Vuong,2021 41 409 281 29.66 327 556 71.5% 11.34 [5.84, 16.84] |
Subtotal (95% CI) 338 1951 100.0% 9.79 [6.14, 14.44] ‘
Heterogeneity: Chi2 = 1.44, df =2 (P = 0.49); 1= 0%
Test for overall effect: Z=4.13 (P < 0.0001)
39.1.3 CPK
Sigera,2018 0.264 0.4221 19 0216 0.1677 316 6.9% 0.05 [-0.14, 0.24]
Vuong,2020 0.11633 0.13982 28 0.11265 0.05706 984 93.1% 0.00 [-0.05, 0.06] .
Subtotal (95% CI) 47 1300 100.0% 0.01 [-0.04, 0.06]
Heterogeneity: Chi? = 0.19, df = 1 (P = 0.66); I = 0%
Test for overall effect: Z=0.26 (P = 0.79)
39.1.4 AST
Fernando, 2016 91 46.65 10 725 72.6 20 5.1% 18.50[-24.49, 61.49] -1
Lin,2019 145 89 15  80.61 130.04 93  3.5% 64.39[12.17, 116.61] —_—
Sigera,2018 128 108 19 86 70 316 3.9% 42.00[-7.17,91.17]
Vuong,2020 62.6 32.2 38 47.88 30.15 1071 87.5% 14.72 [4.32, 25.12] t
Subtotal (95% CI) 82 1500 100.0%  17.70 [7.98, 27.43]
Heterogeneity: Chi? = 4.33, df =3 (P =0.23); = 31%
Test for overall effect: Z = 3.57 (P = 0.0004)
39.1.5 ALT
Fernando, 2016 99.2 63.3 10 70.4 52 20 1.6% 28.80[-16.57, 74.17] -1
Lin,2019 104  81.25 15  55.19 102.4 93 1.5%  48.81[2.73, 94.89]
Sigera,2018 78.66 86.5 19  68.33 5846 316  2.1% 10.33[-29.09, 49.75] I
Vuong,2020 29.46 17.71 38 32.24 2529 1075 94.8% -2.78 [-8.61, 3.05] ,
Subtotal (95% CI) 82 1504 100.0% -1.23 [-6.91, 4.45]
Heterogeneity: Chi2 = 6.81, df = 3 (P = 0.08); I> = 56%
Test for overall effect: Z = 0.42 (P = 0.67)
39.1.6 VCAM
Vuong,2021 2.242 1.826 281 1.527 14924 556 97.2% 0.721[0.47, 0.96] .
Yacoub,2016 2.666 1.376 19 2.1466 1.4978 5 28% 0.52 [-0.93, 1.97]
Subtotal (95% CI) 300 561 100.0% 0.71 [0.47, 0.95]
Heterogeneity: Chi? = 0.07, df =1 (P = 0.79); = 0%
Test for overall effect: Z=5.71 (P < 0.00001)
39.1.7 ALP
Fernando, 2016 30 4242 8 18.5 30 4 26.2% 11.50[-30.07, 53.07] R B
Sigera,2018 95,5 54.86 19 7266 23.08 316 73.8% 22.84[-1.96, 47.64] —
Subtotal (95% CI) 27 320 100.0% 19.86 [-1.43, 41.16] et
Heterogeneity: Chi2 = 0.21, df =1 (P = 0.65); I>= 0%
Test for overall effect: Z=1.83 (P = 0.07)
~100 -50 0 50 100
SD DF

Test for subgroup differences: Chi? = 109.67, df = 6 (P < 0.00001), I* = 94.5%

Figure 3. Meta-analysis of biomarkers between patients with severe dengue (SD) and others with dengue fever
(DF)—fixed effect model.

in the disease pathogenesis and plasma leakage. Both these biomarkers may still be relevant in DHEF, except that
there was insufficient evidence to assess in the meta-analysis. Given that patients with severe dengue generally
have worse outcomes than DHF patients?, it is plausible that early biomarker profiles associated with these two
outcomes may be different. By contrast, the meta-analyses reveal that CRP and AST are both early biomarkers of
severe manifestations regardless of the outcome classification. It is interesting that elevation of ALT, the second
transaminase which is also released with hepatocyte necrosis and hepatic inflammation was not associated with
either SD or DHE. This raises the possibility that part of the AST elevation in serum may come from skeletal
muscle, given that myalgia is a prominent symptom in early dengue infection.

Quality of the evidence
The biomarkers were arranged according to the quality of evidence in Supplementary File S2 in the following cat-
egories. Given the absence of a precedence to classify evidence in a similar review, these criteria were developed
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Study Biomarker(s) No. of participants

Mapalagamage, 20187 | Nitric oxide, nitrite 94

Hapugaswatta, 2021'8 Nitric oxide synthase, oxLDL, salivary oxLDL 127

Vuong, 2021* Soluble CD163, triggering receptor expressed on myeloid cells 1 (TREM1) 837

Zain, 2017 Fas-ligand 42

Pang, 2016*! Plasminogen activator urokinase receptor (PLAUR) 80
Angiotensinogen, angiotensinogen, RIMS-binding protein 3A, WD repeat domain phosphoinositide-interacting protein, titin,
ceruloplasmin, serotransferrin, zinc finger FYVE domain-containing protein 26, prothrombin nesprin-2, nesprin-2, serine palmi-

Nhi, 2016% toyltransferase 3, nuclear pore membrane glycoprotein 210, olfactory receptor 51G2, otopetrin-3, transforming growth factor-beta- | 50
induced protein ig-h3, arf-GAP with Rho-GAP domain ANK repeat and PH domain-containing protein 3, vacuolar protein
sorting-associated protein 13D, alpha-2-HS-glycoprotein, antithrombin IIT

Silva, 2021 Urinary leukotriene E4 (LTE4) 120

Table 4. Biomarkers statistically significantly associated with severe dengue (WHO 2009 classification), but
only reported in a single study.

by the authors specifically for this review. The quality of evidence is highest for the categories of either extreme
(categories I and VIII) and declines towards the middle.

® Category [—confirmed as statistically significant in a meta-analysis.

® Category II—confirmed as statistically significant in two or more studies that cannot be combined in a meta-
analysis due to inadequate data reporting, differences in units of measurement or other reasons.

® Category III—confirmed as statistically significant in one Tier 1 study.

® Category IV—confirmed as statistically significant in one Tier 2 study.

® Category V—confirmed as statistically insignificant in one Tier 2 study.

e Category VI—confirmed as statistically insignificant in one Tier 1 study.

® Category VII—confirmed as statistically insignificant in two or more studies that cannot be combined in a

meta-analysis.
e Category VIII—confirmed as statistically insignificant in a meta-analysis.

Potential biases of the review process

As mentioned, the evidence presented in this systematic review comes mostly from studies in South or South-
eastern Asian and Latin American countries. There may be ethnic (including genetic and environmental factors),
as well as viral serotype determined differences in immunity to dengue virus, which limits the extrapolation of
results beyond the communities that were assessed in the primary research. Importantly this review does not
differentiate between adults and children. As the criterion for inclusion children was different in each country
(ranging from 12 to 18 years), it was not possible to have a uniform age consensus to extract data for a separate
meta-analysis in children. It was also not possible to differentiate between primary and secondary dengue or
infecting serotype as only a few eligible studies reported results stratified by these variables. It is well established
that due to non-neutralising cross-reactive antibodies, secondary dengue infections from a different serotype are
more likely to have severe manifestations. Finally, this analysis considers the first 96 h of infection as a “homog-
enous” period in the course of illness. This is not likely to be accurate as the disease evolves considerably even
within this short time window. While an attempt was made to separate results by day of fever in the sensitivity
analysis, it was not possible to do a meta-analysis for any of the biomarkers, due to inconsistent and inadequate
reporting across eligible studies.

Agreements and disagreements with other similar reviews

The most recent similar systematic review by Thach et al.!” on this topic had a search date of 20th September
2020, 1.5 years prior to the search date of this review. Six included studies in the current systematic review were
published in 2021, and hence were not considered in the previous review. Thach et al. only considered data within
the first 72 h of fever, while this review extended the period of interest to 96 h, provided an adverse outcome had
not been recorded within this time window or at admission. The current review was restricted to studies with
biomarkers, providing an in-depth exhaustive analysis of various biomarkers assessed for associations with severe
disease paying attention to both significant and insignificant associations. The previous review also considered
cell or platelet counts, viral determinants (e.g., viral load), as well as clinical symptoms and signs, and hence
the focus and data generated on biomarkers was considerably less with results presented only for biomarkers
that were combined in a meta-analysis. The risk of bias in the previous review was assessed using the National
Heart, Lung, and Blood Institute (NHLBI) tool®!, whereas the BIOCROSS tool*® used in this review includes all
relevant aspects covered by the NHBLI tool, but also has additional domains more tailored to quality assessment
of biomarker studies. It is a challenge to find a tool to evaluate the quality of studies that have assessed biomark-
ers as most tools focus on clinical study designs and patient focussed outcomes (e.g., NHLBI tools). Problems
such as reliability of assay measurements, test to test variation are not addressed in these tools. In our opinion,
BIOCROSS is a more detailed, comprehensive tool which considers the errors in biomarker measurement and
hence more suited for this type of review. The outcome classifications in the previous review are also different
with DHF grades III and IV (WHO 1997 classification) and severe dengue (WHO 2009 classification) combined
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severe di di Mean Difference Mean Difference
A Study or Subgroup Mean SD_Total  Mean SD__ Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
40.1.1 ALT
Fernando, 2016 99.2 63.3 10 704 52 20 1.5% 28.80 [-16.57, 74.17] I
Lin,2019 104 81.25 15 55.19 102.4 93 1.5% 48.81[2.73, 94.89]
Sigera,2018 78.66 86.5 19 6833 5846 316 2.0%  10.33[-29.09, 49.75] I E———
Villar Centeno,2008 90.8 90.38 30 69.7 77.6 169 2.7%  21.10[-13.29, 55.49] B
Vuong,2020 29.46 17.71 38 32.24 2529 1075 92.3% -2.78 [-8.61, 3.05]
Subtotal (95% CI) 112 1673 100.0% -0.64 [-6.24, 4.96]
Heterogeneity: Chiz = 8.39, df = 4 (P = 0.08); I> = 52%
Test for overall effect: Z = 0.22 (P = 0.82)
40.1.2 Albumin
Conoray,2015 3.46 244 46 273 257 65 14.1% 0.73[-0.21, 1.67]
Sigera,2018 35.83 11.89 19 379 4.39 316 0.4% -2.07 [-7.44, 3.30]
Villar Centeno,2008 395 428 30 411 39 169  47% -1.60 [-3.24, 0.04]
Vuong,2020 45 354 38 448 354 1067 9.6% 0.20 [-0.95, 1.35]
Vuong,2021 4.323 2.984 281 2.581 2.807 556 71.2% 1.74[1.32, 2.16]
Subtotal (95% CI) 414 2173 100.0% 1.28 [0.92, 1.63]
Heterogeneity: Chi? = 22.71, df = 4 (P = 0.0001); I* = 82%
Test for overall effect: Z = 7.08 (P < 0.00001)
40.1.3 Ang-2
Conoray,2015 21 1.22 46 1.8 0.83 65 10.5% 0.30[-0.11,0.71]
Mapalagamage, ,2020 5.93 3.35 20 4.87 4.06 17 0.3% 1.06 [-1.36, 3.48] r
Vuong,2021 1579  1.057 281 1.066  0.768 556 89.2% 0.51[0.37, 0.65] .
Subtotal (95% Cl) 347 638 100.0% 0.49 [0.36, 0.62]
Heterogeneity: Chi? = 1.16, df = 2 (P = 0.56); I = 0%
Test for overall effect: Z = 7.34 (P < 0.00001)
40.1.4 AST
Fernando, 2016 91  46.65 10 725 72.6 20 4.8%  18.50[-24.49, 61.49] I
Lin,2019 145 89 15 80.61  130.04 93 3.2%  64.39[12.17, 116.61] -
Sigera,2018 128 108 19 86 70 316 3.7% 42.00 [-7.17,91.17] I
Villar Centeno,2008 142.7 97.61 30 90.2 78.92 169 6.5% 52.50 [15.60, 89.40] -
Vuong,2020 62.6 322 38 47.88 30.15 1071 81.8% 14.72 [4.32, 25.12] i
Subtotal (95% CI) 1669 100.0% 19.96 [10.56, 29.37] - 2
Heterogeneity: Chi? = 7.52, df =4 (P = 0.11); 1> = 47%
Test for overall effect: Z = 4.16 (P < 0.0001)
40.1.5 CPK
Sigera,2018 0.264 0.4221 19 0.216 0.1677 316 6.7% 0.05[-0.14, 0.24]
Villar Centeno,2008 0.5496 0.75534 30 0.2987 0.50142 169 3.1% 0.25[-0.03, 0.53]
Vuong,2020 0.11633 0.13982 28 0.11265 0.05706 984  90.2% 0.00 [-0.05, 0.06] .
Subtotal (95% CI) 1469 100.0% 0.01 [-0.04, 0.06]
Heterogeneity: Chi? = 3.01, df = 2 (P = 0.22); I* = 34%
Test for overall effect: Z = 0.57 (P = 0.57)
40.1.6 Hyaluronan
Lin,2019 4.7 3.34 15 1.58 2.89 93 8.1% 3.12[1.33,4.91] nd
Suwarti,2017 1324 2229 73 0272 0.386 30 91.9% 1.05[0.52, 1.58] .
Subtotal (95% CI) 88 123 100.0% 1.22[0.71, 1.73] )
Heterogeneity: Chi? = 4.72, df =1 (P = 0.03); I* = 79%
Test for overall effect: Z = 4.70 (P < 0.00001)
40.1.7 IL-10
Conoray,2015 14513 25896 46 1849 280.89 65 1.5% -39.77[-141.08,61.54] *
Cui,2016 333 5833 27 333 4166 25 20.3% 0.00 [-27.40, 27.40] I
Fernando, 2016 425 26.9 8 27 16 4 257% 15.50 [-8.86, 39.86] T
Kumar,2012 15.5 17.7 18 325 54 44 47.4% -17.00 [-34.93, 0.93] —i
Villamor,2017 205.3 2531 110 138.4 2115 235 51%  66.90[12.42, 121.38] —_—
Subtotal (95% CI) 209 373 100.0% -1.23 [-13.58, 11.11] -
Heterogeneity: Chiz = 11.35, df = 4 (P = 0.02); I = 65%
Test for overall effect: Z = 0.20 (P = 0.84)
40.1.8 sDC1
Lam,2020 95.87 280.89 9 7243 76.72 25 0.0% 23.44 [-162.52, 209.40] * >
Mariappan,2021 3.1 4.98 10 0.88 0.56 37 0.4% 2.23[-0.86, 5.32] -
Suwarti,2017 56.29 214.61 73 67.78 113.49 30 0.0% -11.49[-75.31, 52.33]
Vuong,2021 3.142 1468 281 2437 0.955 556  99.6% 0.71[0.52, 0.89] .
Subtotal (95% CI) 648 100.0% 0.71[0.52, 0.90]
Heterogeneity: Chi? = 1.13, df =3 (P = 0.77); I?= 0%
Test for overall effect: Z = 7.38 (P < 0.00001)
40.1.9 VCAM
Saniathi, 2021 4407 1.2093 4 49019 1315 7 25% -0.49 [-2.03, 1.04]
Vuong,2021 2242 1826 281 1.627 1.4924 556 94.8% 0.72[0.47, 0.96] .
Yacoub,2016 2666 1376 19 21466 1.4978 5  2.7% 0.52 [-0.93, 1.97]
Subtotal (95% Cl) 304 568 100.0% 0.68 [0.44, 0.92]
Heterogeneity: Chi? = 2.38, df = 2 (P = 0.30); I* = 16%
Test for overall effect: Z = 5.54 (P < 0.00001)
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Test for subgroup differences: Chi? = 180.91, df = 8 (P < 0.00001), I? = 95.6%
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Figure 4. Meta-analysis of biomarkers between patients with severe disease (SD + DHF combined) and non-
severe disease—(A) Fixed effect model, (B) random effect model.

as “severe disease” and everything else as “non-severe”. The current review avoided combining different clas-
sification systems in the main analysis for ease of interpretation in patient management and better utilisation of
data in research as most management guidelines and research studies use one classification or the other (rather
than a combination). Despite these differences, both reviews agree that serum AST is a significant association
for severe disease, and that serum ALT is not. Thach et al. did not observe a significant association with CRP
and albumin levels with severe disease. although these results should be interpreted in the context of differences
highlighted above. Data on IL-8, SDC-1 or VCAM-1 were not mentioned in the previous review.
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Mean Difference

Mean Difference

Mean SD Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% ClI
40.2.2 CRP
Conoray,2015 22,93 26.78 46 23.06 24.33 65 17.1% -0.13 [-9.87, 9.61]
Kumar,2012 0.54  0.07 10 0.03 0.04 24 31.6% 0.51[0.46, 0.56]
Sigera,2018 26.66 24.02 19 1866 20.85 316 15.1% 8.00 [-3.04, 19.04] A
Vuong,2020 37.13 4391 38 3468 3711 1079 11.4% 2.45[-11.69, 16.59] I
Vuong,2021 41 409 281 29.66 32.7 556 24.9% 11.34 [5.84, 16.84] l
Subtotal (95% CI) 394 2040 100.0% 4.45[1.51, 10.40] »

Heterogeneity: Tau? = 29.21; Chi? = 16.75, df = 4 (P = 0.002); I = 76%
Test for overall effect: Z = 1.46 (P = 0.14)

40.2.3 IL-1ra
Kumar,2012 0.0021 0.0041 18 0.0013 0.0013 44 48.7% 0.00 [-0.00, 0.00] :

Vuong,2021 0.001 0.0067 281 0.0056 0.0048 556 51.3% -0.00 [-0.01, -0.00]

Subtotal (95% CI) 299 600 100.0% -0.00 [-0.01, 0.00]

Heterogeneity: Tau? = 0.00; Chi? = 24.85, df = 1 (P < 0.00001); I? = 96%

Test for overall effect: Z=0.73 (P = 0.47)

40.2.41L-8

Cui,2016 56.7 27 27 367 133 25 33.2% 20.00 [8.56, 31.44] &
Kumar,2012 312 468 18 211 10.1 44 176%  10.10[-11.73, 31.93] B e —
Vuong,2021 18.66 12.66 281 14 104 556  49.2% 4.66 [2.95, 6.37] L]

Subtotal (95% CI) 326 625 100.0% 10.70 [-0.69, 22.10] o
Heterogeneity: Tau? = 67.90; Chi? = 6.96, df =2 (P = 0.03); I?=71%

Test for overall effect: Z = 1.84 (P = 0.07)

40.2.5IL-17

Fernando, 2016 45 5163 10 118 1837 20 49.7% 33.20 [0.20, 66.20] I m—
Kumar,2012 582 517 18 134 548 44 50.3% -75.80 [-104.66,-46.94] —W——

Subtotal (95% CI) 28 64 100.0% -21.61[-128.42, 85.21] = —

Heterogeneity: Tau? = 5690.41; Chi? = 23.75, df = 1 (P < 0.00001); I = 96%
Test for overall effect: Z = 0.40 (P = 0.69)

40.2.6 IP-10

Conoray,2015 346 244 46 273 2.57 65 41.0% 0.73[-0.21, 1.67] :
Vuong,2021 4323 2984 281 2581 2807 556 59.0% 1.74 [1.32, 2.16]

Subtotal (95% CI) 327 621 100.0% 1.33 [0.35, 2.30]

Heterogeneity: Tau? = 0.37; Chi2 = 3.70, df = 1 (P = 0.05); I> = 73%
Test for overall effect: Z = 2.67 (P = 0.008)

Test for subgroup differences: Chi? = 12.83, df =4 (P = 0.01), I = 68.8%

Figure 4. (continued)
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Two other recent reviews by Sangkaew et al.? (last date of search: 31st January 2020) and Yuan et al.’ (last date
of search: December 2020) also assessed predictors for severe disease manifestations. However, both reviews
considered a large number of demographic, clinical, immunological and virological parameters to process, and
so considered biomarkers in limited detail. For example, Sangkaew et al. only reported variables that had been
reported in four or more studies only, which reduced their reporting to only three biomarkers (elevated AST,
ALT, and reduced albumin levels) presumably because these were the only statistically significant associations
for severe disease. Sangkaew et al. combined clinical classifications from the WHO 1997 and 2009 guidelines
to define a new “severe disease” category for the purpose of meta-analysis. For reasons mentioned above, the
current review kept these classifications separate in the main analysis, but in sensitivity analysis the approach
taken by Sangkaew et al. was followed. In that sensitivity analysis our results were similar for AST, but not for
ALT or albumin, but these differences could not be further examined as individual studies backing these obser-
vations could not be identified from the previous review. It is noted however that when multiple observations
were made of a biomarker during the febrile phase, Sangkaew et al. only considered the value reported on day
3 of fever while the current review used the average of all readings. The other review by Yuan et al. reported on
several biomarkers, but the inclusion criteria were not restricted to the data from the first 72-96 h of fever or
the “febrile” phase. Hence, the clinical utility of this review is limited in identifying early predictive biomarkers
for severe disease and therefore, its findings cannot be compared with the present analysis.

Conclusions

Implications for practice

This review identified several biomarkers that are differentially expressed in early disease in those who subse-
quently develop SD or DHE. Markers such as CRP, AST, and albumin are routinely measured even in resource
limited settings as part of disease management. Clinicians and guideline development committees should con-
sider analysing existing datasets to identify appropriate cut-off values for these parameters which can then be
used in a clinical risk prediction system in combination with other non-biomarker severity predictors.
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Implications for research

Biomarkers IL-8, VCAM-1 and Syndecan-1 identified in this review as predictors do not have low-cost tests
to assess their concentration in human serum. Development of such tests will further enhance the predictive
value of risk scoring systems within resource limited settings. In addition, there are many biomarkers already
shown to be associated with severe disease manifestations in a single study where confirmation by a second
study would increase the quality and certainty of evidence through a meta-analysis (biomarkers in categories
IT - IV in the quality of evidence ranking system). Prioritising immediate research on these biomarkers would
be cost effective and potentially high yield in terms of generating clinically useful evidence for predicting severe
manifestations of dengue fever.

Differences between review and protocol

The title of the protocol “early prognostic biomarkers for severe dengue and plasma leakage” was changed as
the review encompasses all adverse manifestations namely severe dengue, DHF and plasma leakage. The search
strategy was altered to capture relevant more articles than initially intended. The exclusion criteria were expanded
as indicated above in the review compared to the protocol. DHF was included as a comparator group to the
review (not mentioned in protocol) given the large number of studies using the 1997 WHO clinical classifica-
tion for dengue.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).

Received: 21 August 2023; Accepted: 10 October 2023
Published online: 14 October 2023

References

1. Rodrigo, C., Sigera, C., Fernando, D. & Rajapakse, S. Plasma leakage in dengue: A systematic review of prospective observational
studies. BMC Infect. Dis. 21, 1082. https://doi.org/10.1186/s12879-021-06793-2 (2021).

2. Stanaway, J. D. et al. The global burden of dengue: An analysis from the Global Burden of Disease Study 2013. Lancet Infect. Dis.
16, 712-723. https://doi.org/10.1016/s1473-3099(16)00026-8 (2016).

3. Sangkaew, S. et al. Risk predictors of progression to severe disease during the febrile phase of dengue: A systematic review and
meta-analysis. Lancet Infect. Dis. 21, 1014-1026. https://doi.org/10.1016/s1473-3099(20)30601-0 (2021).

4. World Health Organization. Dengue Guidelines for Diagnosis, Treatment, Prevention and Control (WHO, 2009).

5. World Health Organization. Dengue Haemorrhagic Fever: Diagnosis, Treatment and Control (WHO, 1997).

6. Hapugaswatta, H., Amarasena, P, Premaratna, R., Seneviratne, K. N. & Jayathilaka, N. Differential expression of microRNA, miR-
150 and enhancer of zeste homolog 2 (EZH2) in peripheral blood cells as early prognostic markers of severe forms of dengue. J.
Biomed. Sci. 27, 25. https://doi.org/10.1186/s12929-020-0620-z (2020).

7. Wakimoto, M. D., Camacho, L. A., Guaraldo, L., Damasceno, L. S. & Brasil, P. Dengue in children: A systematic review of clinical
and laboratory factors associated with severity. Expert Rev. Anti. Infect. Ther. 13, 1441-1456. https://doi.org/10.1586/14787210.
2015.1100534 (2015).

8. Lima, W. G,, Souza, N. A,, Fernandes, S. O. A., Cardoso, V. N. & Goddi, I. P. Serum lipid profile as a predictor of dengue severity:
A systematic review and meta-analysis. Rev. Med. Virol. 29, €2056. https://doi.org/10.1002/rmv.2056 (2019).

9. Yuan, K., Chen, Y., Zhong, M., Lin, Y. & Liu, L. Risk and predictive factors for severe dengue infection: A systematic review and
meta-analysis. PLoS One 17, €0267186. https://doi.org/10.1371/journal.pone.0267186 (2022).

10. Thach, T. Q. et al. Predictive markers for the early prognosis of dengue severity: A systematic review and meta-analysis. PLoS Negl.
Trop. Dis. 15, 0009808. https://doi.org/10.1371/journal.pntd.0009808 (2021).

11. Wan, X., Wang, W, Liu, J. & Tong, T. Estimating the sample mean and standard deviation from the sample size, median, range
and/or interquartile range. BMC Med. Res. Methodol. 14, 135. https://doi.org/10.1186/1471-2288-14-135 (2014).

12. Higgins JPT, L. T., Deeks JJ (editors). Chapter 6: Choosing effect measures and computing estimates of effect. In: Higgins JPT,
Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA (eds). Cochrane Handbook for Systematic Reviews of Interventions
version 6.3 (updated February 2022). Cochrane, 2022. www.training.cochrane.org/handbook.

13. Biswas, H. H. et al. Lower low-density lipoprotein cholesterol levels are associated with severe dengue outcome. PLoS Negl. Trop.
Dis. 9, €0003904. https://doi.org/10.1371/journal.pntd.0003904 (2015).

14. Chaiyaratana, W., Chuansumrit, A., Atamasirikul, K. & Tangnararatchakit, K. Serum ferritin levels in children with dengue infec-
tion. Southeast Asian J. Trop. Med. Public Health 39, 832-836 (2008).

15. Conroy, A. L. et al. Host biomarkers are associated with progression to dengue haemorrhagic fever: A nested case-control study.
Int. J. Infect. Dis. 40, 45-53. https://doi.org/10.1016/j.ijid.2015.07.027 (2015).

16. Cui, L. et al. Serum metabolomics reveals serotonin as a predictor of severe dengue in the early phase of dengue fever. Plos Negl.
Tropical Dis. https://doi.org/10.1371/journal.pntd.0004607 (2016).

17. Han, L. F. et al. Quantitative comparative proteomics reveal biomarkers for dengue disease severity. Front. Microbiol. https://doi.
org/10.3389/fmicb.2019.02836 (2019).

18. Hapugaswatta, H. et al. Expression of nitric oxide synthase and nitric oxide levels in peripheral blood cells and oxidized low-density
lipoprotein levels in saliva as early markers of severe dengue. Biomed. Res. Int. 2021, 1-9. https://doi.org/10.1155/2021/6650596
(2021).

19. Houghton-Trivifio, N., Salgado, D. M., Rodriguez, J. A., Bosch, I. & Castellanos, J. E. Levels of soluble ST2 in serum associated
with severity of dengue due to tumour necrosis factor alpha stimulation. J. Gen. Virol. 91, 697-706. https://doi.org/10.1099/vir.0.
012971-0 (2010).

20. Koraka, P. et al. Elevation of soluble VCAM-1 plasma levels in children with acute dengue virus infection of varying severity. J.
Med. Virol. 72(3), 445-450 (2004).

21. Kularatnam, G. A. M. et al. Evaluation of biochemical and haematological changes in dengue fever and dengue hemorrhagic fever
in Sri Lankan children: A prospective follow up study. BMC Pediatr. 19, 87. https://doi.org/10.1186/s12887-019-1451-5 (2019).

22. Kumar, Y. et al. Serum proteome and cytokine analysis in a longitudinal cohort of adults with primary dengue infection reveals
predictive markers of DHF. PLoS Negl. Trop. Dis. 6, e1887. https://doi.org/10.1371/journal.pntd.0001887 (2012).

23. Lam, P. K. et al. Visual and biochemical evidence of glycocalyx disruption in human dengue infection, and association with plasma
leakage severity. Front. Med. 7, 545813. https://doi.org/10.3389/fmed.2020.545813 (2020).

Scientific Reports |

(2023) 13:17485 | https://doi.org/10.1038/s41598-023-44559-9 nature portfolio


https://doi.org/10.1186/s12879-021-06793-2
https://doi.org/10.1016/s1473-3099(16)00026-8
https://doi.org/10.1016/s1473-3099(20)30601-0
https://doi.org/10.1186/s12929-020-0620-z
https://doi.org/10.1586/14787210.2015.1100534
https://doi.org/10.1586/14787210.2015.1100534
https://doi.org/10.1002/rmv.2056
https://doi.org/10.1371/journal.pone.0267186
https://doi.org/10.1371/journal.pntd.0009808
https://doi.org/10.1186/1471-2288-14-135
http://www.training.cochrane.org/handbook
https://doi.org/10.1371/journal.pntd.0003904
https://doi.org/10.1016/j.ijid.2015.07.027
https://doi.org/10.1371/journal.pntd.0004607
https://doi.org/10.3389/fmicb.2019.02836
https://doi.org/10.3389/fmicb.2019.02836
https://doi.org/10.1155/2021/6650596
https://doi.org/10.1099/vir.0.012971-0
https://doi.org/10.1099/vir.0.012971-0
https://doi.org/10.1186/s12887-019-1451-5
https://doi.org/10.1371/journal.pntd.0001887
https://doi.org/10.3389/fmed.2020.545813

www.nature.com/scientificreports/

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

Laur, E et al. Plasma levels of tumour necrosis factor alpha and transforming growth factor beta-1 in children with dengue 2 virus
infection in French Polynesia. Trans. R. Soc. Trop. Med. Hyg. 92, 654-656. https://doi.org/10.1016/50035-9203(98)90800-8 (1998).
Liao, B. L. et al. Serum levels of soluble vascular cell adhesion molecules may correlate with the severity of dengue virus-1 infection
in adults. Emerg. Microbes Infect. 4, 1-7. https://doi.org/10.1038/emi.2015.24 (2015).

Lin, C. Y. et al. High levels of serum hyaluronan is an early predictor of dengue warning signs and perturbs vascular integrity.
EBioMedicine 48, 425-441. https://doi.org/10.1016/j.ebiom.2019.09.014 (2019).

Mapalagamage, M. et al. Is Total serum nitrite and nitrate (NOx) level in dengue patients a potential prognostic marker of dengue
hemorrhagic fever?. Dis. Markers 2018, 5328681. https://doi.org/10.1155/2018/5328681 (2018).

Mapalagamage, M. et al. High levels of serum angiopoietin 2 and angiopoietin 2/1 ratio at the critical stage of dengue hemorrhagic
fever in patients and association with clinical and biochemical parameters. J. Clin. Microbiol. https://doi.org/10.1128/JCM.00436-
19 (2020).

Mariappan, V., Adikari, S., Shanmugam, L., Easow, ]. M. & Pillai, A. B. Expression dynamics of vascular endothelial markers:
Endoglin and syndecan-1 in predicting dengue disease outcome. Transl. Res. 232, 121-141. https://doi.org/10.1016/j.trsL.2021.
02.001 (2021).

Nhi, D. M. et al. A proteomic approach identifies candidate early biomarkers to predict severe dengue in children. Plos Negl. Trop.
Dis. 10, €0004435. https://doi.org/10.1371/journal.pntd.0004435 (2016).

Pang, J. X. et al. Discovery and validation of prognostic biomarker models to guide triage among adult dengue patients at early
infection. Plos One 11, €0155993. https://doi.org/10.1371/journal.pone.0155993 (2016).

Rathore, A. P. S. et al. Serum chymase levels correlate with severe dengue warning signs and clinical fluid accumulation in hospital-
ized pediatric patients. Sci. Rep. 10, 11856. https://doi.org/10.1038/s41598-020-68844-z (2020).

Saniathi, N. K. E., Juffrie, M., Rianto, B. U. D. & Soetjiningsih, S. The dynamic of soluble vascular cellular adhesion molecule-1
(sVCAM-1) level in overnutritious children with dengue infection. Bali Med. J. 10, 261-265. https://doi.org/10.15562/bmj.v10il.
2304 (2021).

Sigera, P. C. et al. Risk prediction for severe disease and better diagnostic accuracy in early dengue infection; the Colombo dengue
study. BMC Infect. Dis. 19, 680. https://doi.org/10.1186/s12879-019-4304-9 (2019).

Silva, T. et al. Urinary leukotrienes and histamine in patients with varying severity of acute dengue. PLoS ONE 16, ¢0245926.
https://doi.org/10.1371/journal.pone.0245926 (2021).

Suwarto, S., Sasmono, R. T,, Sinto, R., Ibrahim, E. & Suryamin, M. Association of endothelial glycocalyx and tight and adherens
junctions with severity of plasma leakage in dengue infection. J. Infect. Dis. 215, 992-999. https://doi.org/10.1093/infdis/jix041
(2017).

van de Weg, C. A. M. et al. Hyperferritinaemia in dengue virus infected patients is associated with immune activation and coagula-
tion disturbances. PLoS Negl. Trop. Dis. 8, e3214. https://doi.org/10.1371/journal.pntd.0003214 (2014).

Villamor, E., Villar, L. A., Lozano, A., Herrera, V. M. & Herran, O. E. Vitamin D serostatus and dengue fever progression to dengue
hemorrhagic fever/dengue shock syndrome. Epidemiol. Infect. 145(14), 2961-2970 (2017).

Villamor, E., Villar, L. A., Lozano-Parra, A., Herrera, V. M. & Herran, O. E Serum fatty acids and progression from dengue fever
to dengue haemorrhagic fever/dengue shock syndrome. Br. J. Nutr. 120, 787-796. https://doi.org/10.1017/s0007114518002039
(2018).

Villar-Centeno, L. A., Diaz-Quijano, F. A. & Martinez-Vega, R. A. Biochemical alterations as markers of dengue hemorrhagic fever.
Am. J. Trop. Med. Hyg. 78, 370-374 (2008).

Vuong, N. L. et al. Combination of inflammatory and vascular markers in the febrile phase of dengue is associated with more
severe outcomes. eLife https://doi.org/10.7554/eLife.67460 (2021).

Vuong, N. L. et al. C-reactive protein as a potential biomarker for disease progression in dengue: A multi-country observational
study. BMC Med. https://doi.org/10.1186/s12916-020-1496-1 (2020).

Yacoub, S. et al. Endothelial nitric oxide pathways in the pathophysiology of dengue: A prospective observational study. Clin. Infect.
Dis. 65, 1453-1461. https://doi.org/10.1093/cid/cix567 (2017).

Yacoub, S. et al. Association of microvascular function and endothelial biomarkers with clinical outcome in dengue: An observa-
tional study. J. Infect. Dis. 214, 697-706. https://doi.org/10.1093/infdis/jiw220 (2016).

Yamanaka, A. et al. Correlation between complement component levels and disease severity in dengue patients in Indonesia. Jpn.
J. Infect. Dis. 66, 366-374. https://doi.org/10.7883/yoken.66.366 (2013).

Zain, N., Putra, S. T., Zein, U. & Hariman, H. Soluble fas ligand as a potential marker of severity of dengue infection. Malays. J.
Med. Sci. 24, 28-32. https://doi.org/10.21315/mjms2017.24.2.4 (2017).

Chandrashekhar, C., Balaji, K., Vasudev, P. H., Panachiyil, G. M. & Babu, T. Estimation of serum neopterin level as an early marker
for detecting severe dengue infection. Int. J. Pediatr. Adolesc. Med. 6, 151-154 (2019).

Fernando, S. et al. Patterns and causes of liver involvement in acute dengue infection. BMC Infect. Dis. 16, 1-9 (2016).

Low, G. K. K. et al. The predictive and diagnostic accuracy of vascular endothelial growth factor and pentraxin-3 in severe dengue.
Pathog. Global Health 112, 334-341 (2018).

Wirsching, J. et al. Development and reliability assessment of a new quality appraisal tool for cross-sectional studies using biomarker
data (BIOCROSS). BMC Med. Res. Methodol. 18, 122. https://doi.org/10.1186/s12874-018-0583-x (2018).

Higgins JP, G. S. Cochrane Handbook for Systematic Reviews of Interventions Version 5.1.0 (updated March 2011). (The Cochrane
Collaboration, 2011).

de Macedo, F. C. et al. Histologic, viral, and molecular correlates of dengue fever infection of the liver using highly sensitive
immunohistochemistry. Diagn. Mol. Pathol. 15, 223-228 (2006).

Couvelard, A. et al. Report of a fatal case of dengue infection with hepatitis: Demonstration of dengue antigens in hepatocytes and
liver apoptosis. Hum. Pathol. 30, 1106-1110 (1999).

Huerre, M. R. et al. Liver histopathology and biological correlates in five cases of fatal dengue fever in Vietnamese children. Vir-
chows Archiv 438, 107-115 (2001).

Sproston, N. R. & Ashworth, J. ]. Role of C-reactive protein at sites of inflammation and infection. Front. Immunol. 9, 754. https://
doi.org/10.3389/fimmu.2018.00754 (2018).

Gruys, E., Toussaint, M. J., Niewold, T. A. & Koopmans, S. J. Acute phase reaction and acute phase proteins. J. Zhejiang Univ. Sci.
B 6, 1045-1056. https://doi.org/10.1631/jzus.2005.B1045 (2005).

Bickel, M. The role of interleukin-8 in inflammation and mechanisms of regulation. J. Periodontol. 64, 456-460 (1993).
Chaloemwong, J. et al. Useful clinical features and hematological parameters for the diagnosis of dengue infection in patients with
acute febrile illness: A retrospective study. BMC Hematol. 18, 20. https://doi.org/10.1186/s12878-018-0116-1 (2018).

Teng, Y. H., Aquino, R. S. & Park, P. W. Molecular functions of syndecan-1 in disease. Matrix Biol. 31, 3-16. https://doi.org/10.
1016/j.matbio.2011.10.001 (2012).

Kong, D. H,, Kim, Y. K,, Kim, M. R, Jang, ]. H. & Lee, S. Emerging roles of vascular cell adhesion molecule-1 (VCAM-1) in
immunological disorders and cancer. Int. J. Mol. Sci. 19, 1057. https://doi.org/10.3390/ijms19041057 (2018).

National Institutes of Health. Study Quality Assessment Tools, https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-
tools (2020).

Scientific Reports |

(2023) 13:17485 | https://doi.org/10.1038/s41598-023-44559-9 nature portfolio


https://doi.org/10.1016/s0035-9203(98)90800-8
https://doi.org/10.1038/emi.2015.24
https://doi.org/10.1016/j.ebiom.2019.09.014
https://doi.org/10.1155/2018/5328681
https://doi.org/10.1128/JCM.00436-19
https://doi.org/10.1128/JCM.00436-19
https://doi.org/10.1016/j.trsl.2021.02.001
https://doi.org/10.1016/j.trsl.2021.02.001
https://doi.org/10.1371/journal.pntd.0004435
https://doi.org/10.1371/journal.pone.0155993
https://doi.org/10.1038/s41598-020-68844-z
https://doi.org/10.15562/bmj.v10i1.2304
https://doi.org/10.15562/bmj.v10i1.2304
https://doi.org/10.1186/s12879-019-4304-9
https://doi.org/10.1371/journal.pone.0245926
https://doi.org/10.1093/infdis/jix041
https://doi.org/10.1371/journal.pntd.0003214
https://doi.org/10.1017/s0007114518002039
https://doi.org/10.7554/eLife.67460
https://doi.org/10.1186/s12916-020-1496-1
https://doi.org/10.1093/cid/cix567
https://doi.org/10.1093/infdis/jiw220
https://doi.org/10.7883/yoken.66.366
https://doi.org/10.21315/mjms2017.24.2.4
https://doi.org/10.1186/s12874-018-0583-x
https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.1631/jzus.2005.B1045
https://doi.org/10.1186/s12878-018-0116-1
https://doi.org/10.1016/j.matbio.2011.10.001
https://doi.org/10.1016/j.matbio.2011.10.001
https://doi.org/10.3390/ijms19041057
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools

www.nature.com/scientificreports/

Acknowledgements

This research was supported by the National Health and Medical Research Council (NHMRC) under grant
number APP1150078 and APP1173666. We would also like to express our appreciation to the University of New
South Wales for providing resources and conducive research environment.

Author contributions
S.M., A.L.and C.R. conceived the study. S.M. and C.R. did the literature search, preliminary analysis and wrote
the first draft in consultation with A.L. All authors reviewed and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-44559-9.

Correspondence and requests for materials should be addressed to C.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:17485 | https://doi.org/10.1038/s41598-023-44559-9 nature portfolio


https://doi.org/10.1038/s41598-023-44559-9
https://doi.org/10.1038/s41598-023-44559-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Early biomarkers for prediction of severe manifestations of dengue fever: a systematic review and a meta-analysis
	Methods
	Inclusion criteria
	Search strategy
	Data collection and analysis
	Study selection
	Data extraction
	Quality assessment
	Data analysis
	Assessment of heterogeneity
	Assessment of reporting bias
	Subgroup and sensitivity analysis

	Study protocol

	Results
	Risk of bias and study quality assessment
	Biomarkers predicting the risk of dengue haemorrhagic fever (WHO 1997 classification)
	Biomarkers predicting the risk of severe dengue (WHO 2009 classification)
	Sensitivity analysis
	Ranking of biomarkers according to quality of evidence

	Discussion
	Summary of main results
	Overall completeness and applicability of evidence
	Quality of the evidence
	Potential biases of the review process
	Agreements and disagreements with other similar reviews

	Conclusions
	Implications for practice
	Implications for research
	Differences between review and protocol

	References
	Acknowledgements


