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Innovations and Implementation Challenges in Dengue Diagnostics: A 21st Century Perspective on a Neglected Tropical Disease
Abstract
Background:
Dengue fever is a rapidly spreading mosquito-borne viral infection and one of the most prevalent neglected tropical diseases (NTDs), affecting over 100 countries and causing an estimated 390 million infections annually. Despite its global impact, dengue remains underfunded and insufficiently prioritized in public health agendas.
Objective:
This review aims to provide a comprehensive overview of recent advancements in dengue diagnostic technologies, assess their clinical and public health relevance, and identify persistent barriers to their implementation, particularly in low-resource settings.
Methods:
We critically examine current diagnostic modalities—including molecular, antigen-based, and serological tools—by evaluating their sensitivity, specificity, operational feasibility, and suitability for outbreak response. The review also incorporates recent WHO recommendations following the 2024–2025 dengue emergency, during which seven diagnostic products were approved for global use.
Findings:
While significant progress has been made in the development of rapid and accurate diagnostic tools, challenges such as limited access, affordability, and infrastructural constraints continue to hinder widespread adoption. Regional disparities in diagnostic capacity further exacerbate the burden of dengue in vulnerable populations.
Conclusion:
Addressing the diagnostic gap in dengue requires integrated, equity-driven strategies that prioritize accessibility, affordability, and sustainability. Strengthening diagnostic infrastructure is essential for effective clinical management, timely outbreak containment, and long-term vector control. This review underscores the urgent need for global health systems to elevate dengue diagnostics within broader NTD control frameworks.
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Introduction
Dengue fever is a viral illness transmitted by Aedes mosquitoes and classified among the most burdensome neglected tropical diseases (NTDs)[1] . It affected an estimated 14,284,310 people in 2024, with majority experiencing symptomatic illness [2]  . The disease is endemic in over 100 countries, primarily in tropical and subtropical regions where poverty, inadequate infrastructure, and limited access to healthcare exacerbate its impact. Despite its growing incidence and potential for explosive outbreaks, dengue receives disproportionately low attention in global health funding and policy—hallmarks of an NTD [3]. 
As with many NTDs, the burden of dengue falls heaviest on marginalized populations with limited access to timely diagnosis and care. The interplay of environmental, sociological, and climatic factors has exacerbated the propagation of the dengue virus (DENV) and precipitated a global emergency. Accelerated and unregulated urbanization, increased population movement, overcrowded cities lacking sufficient public health infrastructure, and the revival of global travel following the coronavirus disease (COVID-19) pandemic have worsened the situation. Climate change, in conjunction with the El Niño phenomenon, has led to modified precipitation patterns, heightened humidity and drought, and increasing temperatures, all of which facilitate the spawning and proliferation of mosquitoes [4] .  The expanding distribution of the mosquito vector elevates the probability of DENV transmission in new geographical regions [1].  Moreover, complex humanitarian issues caused by political and financial instability have weakened health systems, destroyed healthcare infrastructure, and delayed access to medical care, thereby worsening the effects of dengue [5] . The presence of multiple DENV serotypes and poor control of mosquito populations has increased the chances of severe dengue cases and higher death rates from secondary infections. 
The concurrent spread of DENV and other arboviruses exacerbates the situation in numerous areas. Dengue, chikungunya, and Zika viruses, all vectored by Aedes mosquitoes, exhibit overlapping geographical distributions and clinical presentations, complicating the detection and management of outbreaks. Moreover, antibodies generated following exposure to one Ortho flavivirus may exhibit cross-reactivity with antigens of other genus members, hence influencing the diagnostic interpretation of serological assays [6] .  Moreover, other non-Ortho flaviviruses, like Oropouche virus, present symptoms similar to dengue [7] .
Due to the similarities in clinical presentation, it is crucial to develop testing methodologies and diagnostic capabilities to distinguish DENV from other co-circulating viruses. Laboratory-based and point-of-care diagnostics are essential for the control and management of dengue; nevertheless, global inequalities in laboratory capabilities pose considerable problems. The diagnostic algorithms, testing procedures, and methodologies utilized differ based on the capabilities of national laboratory systems. Additionally, dengue testing methods are not approved by WHO, and the various tests available—like nucleic acid amplification tests (NAATs), enzyme-linked immunosorbent assays (ELISAs), and rapid diagnostic tests (RDTs)—show significant differences in quality and effectiveness [1] . This variability affects the selection and implementation of precise diagnostic assays, especially in resource-constrained environments; hence, it exacerbates the detection and diagnosis of dengue [8] . 
In response to the escalating crisis in 2024-25, the World Health Organization (WHO) activated its Expert Review Panel for Diagnostics (ERPD) in  May 2025. This emergency mechanism, coordinated by WHO’s Health Emergencies and Neglected Tropical Diseases Programmes, evaluated in vitro diagnostic (IVD) tools not yet prequalified or stringently reviewed. As a result, seven diagnostic products were listed for one-year use to support evidence-based procurement and strengthen the global response [9].
This review examines the current landscape of dengue diagnostics through the lens of neglected disease equity, highlighting recent technological advances, implementation challenges, and opportunities for global health reform.


Dengue Virus and Transmission
DENV, a member of the Ortho flavivirus genus within the Flaviviridae family, is the etiological agent of dengue. The genome comprises a single-stranded, positive-sense RNA that encodes three structural proteins (capsid [C], membrane [M], and envelope [E]) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Dengue virus (DENV) is mostly transmitted via the bites of infected female Aedes aegypti and Aedes albopictus mosquitoes, which flourish in tropical and subtropical regions. DENV is categorized into four separate serotypes (DENV-1, -2, -3, and -4), which share around 65% of their genomic sequence, with each serotype encompassing many genotypes [9].  Infection with a single DENV serotype is believed to confer lifetime immunity to that serotype due to antibody dependent enhancement (ADE) while offering only temporary cross-protection against other serotypes, lasting around 8 to 12 months [11]. 
Clinical Presentation and Diagnostic Challenges
Dengue presents a broad clinical spectrum, ranging from asymptomatic or mild febrile illness to severe dengue characterized by plasma leakage, haemorrhage, and organ dysfunction. Early symptoms are often non-specific and overlap with other arboviruses such as Zika and chikungunya, complicating differential diagnosis—especially during co-circulation [12]. The WHO Dengue Case classification is given in table 1 [1] .
Any person suspected to have dengue virus infection should be attended along with a Clinical Evaluation Checklist which should comprise of 
· Taking a thorough medical history- symptoms, onset, progression
· Asking travel history to endemic areas in the past 14 days
· Asking about living in endemic areas in the past 14 days
· Checking vaccination records for dengue, yellow fever and Japanese encephalitis
Samples types, storage ,collection and transport conditions :
Various samples are collected from a patient with history of fever to aid in the confirmation of dengue infection [13-17] .  The sample types ,collection ,storage and transportation conditions are summarised in table 2. 
Diagnosis of Dengue Fever
The diagnosis of dengue fever involves a combination of clinical assessment and laboratory testing, with the choice of diagnostic method guided by the stage of infection. RT-PCR and NS1 antigen tests are most effective in the early phase of infection, offering high sensitivity and specificity for early diagnosis and outbreak confirmation. IgM and IgG antibody tests are more useful in later stages, aiding in the identification of recent or past infections, though they are limited by cross-reactivity. PRNT and virus isolation serve as reference methods for research and vaccine evaluation but are less feasible for routine use due to their complexity. Table 3 compares key diagnostic methods used to detect dengue virus infection, highlighting their purpose, detection windows, performance characteristics, and practical considerations.
Table 4 outlines the preferred testing strategies across different public health and clinical contexts . For patient management and outbreak investigations, rapid and accurate methods such as RT-PCR and NS1-based tests are prioritized. Surveillance relies on high-throughput serological and molecular assays to monitor trends and circulating serotypes. For further characterization, advanced techniques like multiplex PCR and next-generation sequencing are employed to support genomic surveillance and serotype differentiation.
Dengue diagnosis depends on the timing of sample collection. In the early acute phase (0–5 days), RT-PCR and NS1 antigen tests are most effective, detecting viral RNA or protein with high sensitivity. During the late acute phase (5–7 days), NS1 and RT-PCR sensitivity declines, while IgM antibodies begin to appear, making IgM ELISA useful.
In the early convalescent phase (7–14 days), IgM peaks and IgG begins to rise, indicating recent or ongoing infection. By the late convalescent phase (>14 days), IgG persists, suggesting past infection or secondary exposure. In secondary infections, IgG rises early, while IgM may be low or absent, and NS1 detection may be less reliable.
A combined testing approach, tailored to the stage of illness, improves diagnostic accuracy and helps distinguish between primary and secondary infections. Table 5 summarizes recommended dengue testing methods and interpretation of results at different stages of infection [18-23].
Genomic Surveillance
Genomic sequencing is a critical molecular tool for analysing and characterizing the dengue virus (DENV) genome. It helps identify and monitor the 19 known DENV genotypes across the four serotypes (DENV-1 to DENV-4), each with distinct geographic and evolutionary patterns. A newer classification system also recognizes major and minor lineages within genotypes, reflecting finer genetic diversity [24] . 
Key Technologies used include traditional Sanger sequencing and high-throughput next-generation sequencing (NGS). These methods allow for detailed genetic analysis, including the detection of antigenic drift, which can influence immune evasion, disease severity, and the performance of diagnostics like NAATs and serological tests [25] .
Integration with epidemiological, clinical, and geographical data enhances real-time monitoring of DENV spread, identifies co-circulating serotypes, and detects emerging variants. This is especially important in endemic areas where shifts in serotype dominance can signal potential outbreaks.
Benefits of genomic sequencing include Improved outbreak preparedness and response, Enhanced understanding of disease dynamics, Support for vaccine and diagnostic development, Detection of antiviral resistance markers (e.g., NS5 mutations), Informed vector control strategies, including identification of mosquito species and insecticide resistance
Limitations include the need for specialized infrastructure, trained personnel, and robust data-sharing protocols. To address this, public health labs are encouraged to adopt harmonized sequencing methods and standardized reporting practices [26] .
Point-of-Care Innovations
Emerging technologies include lab-on-a-chip platforms, smartphone-integrated readers, and multiplex lateral flow assays. These tools promise decentralized testing and real-time data sharing, though regulatory and validation challenges persist [27] .
Biological Risk Management
Laboratories conducting dengue virus (DENV) testing must prioritize biosafety and biosecurity to protect both laboratory personnel and the broader community. A risk-based approach, aligned with the WHO Laboratory Biosafety Manual (Fourth Edition), is essential when handling specimens from suspected or confirmed dengue cases. For routine procedures such as RNA extraction, biosafety level 2 (BSL-2) precautions are sufficient. However, when working with live virus cultures, enhanced containment measures equivalent to biosafety level 3 (BSL-3) are required to mitigate the risk of exposure and transmission [28] .
Quality Management
To ensure the reliability and accuracy of dengue diagnostic results, laboratories must implement comprehensive quality management systems. These systems should include the validation and verification of test kits before use, regular calibration and maintenance of laboratory equipment, and strict adherence to standard operating procedures [29] .Personnel must be properly trained and competent in performing diagnostic procedures and interpreting results. Internal quality control is critical for each test. For nucleic acid amplification tests (NAATs) like RT-PCR, both positive and negative controls must be included in every assay to verify sample integrity and detect contamination or non-specific amplification. If any control fails, the test should be repeated. Rapid diagnostic tests (RDTs) typically include built-in controls, and some manufacturers provide external positive controls for performance verification. The frequency of control testing should follow the manufacturer’s instructions. For ELISA, known positive and negative samples, calibrators with defined antibody concentrations, and buffer controls should be used to ensure assay accuracy and detect background noise. Running samples in duplicates or triplicates is recommended to enhance reproducibility [30] .
Reporting of Cases and Test Results
Effective dengue surveillance relies on timely and accurate reporting of cases and laboratory findings. All countries affected by DENV are encouraged to establish a national dengue surveillance system to monitor trends, detect outbreaks early, and guide public health interventions. Case reporting should follow local public health authority guidelines and include standardized data such as patient demographics, clinical symptoms, laboratory results, and relevant epidemiological information like travel history, pregnancy status, and vaccination history. Collaboration between laboratory personnel, epidemiologists, and public health officials is essential for analysing and disseminating surveillance data. The WHO Global Dengue Surveillance Dashboard supports these efforts by providing access to country-level data on confirmed and severe dengue cases, including information on circulating serotypes [8] .
Expert Review Panel for Diagnostics (ERPD)
The ERPD supports emergency use listing of diagnostics. However, many assays used in endemic regions lack full WHO prequalification, limiting access through UN procurement channels. Streamlining validation pathways is essential to bridge this gap [8]. Coordinated by the Public Health Laboratory Strengthening unit of the WHO Health Emergencies Programme and the Global Neglected Tropical Diseases Programme, in collaboration with WHO’s Prequalification Programme, the ERPD provides an expert-driven mechanism to evaluate diagnostic tools not yet covered by WHO’s prequalification or other stringent regulatory assessments.This independent advisory group evaluates whether candidate in vitro diagnostic (IVD) medical devices—tests performed outside the human body—meet established quality and performance standards. It also classifies their risk to support evidence-based procurement decisions. Recognizing critical gaps in the availability of IVDs, particularly for epidemic-prone neglected tropical diseases, WHO supports the procurement of essential diagnostic products and laboratory items for managing a wide range of communicable and noncommunicable diseases. Following a thorough review, seven dengue diagnostic products have been listed .Table 6 summarises the WHO Reviewed Dengue Diagnostic Kits as of May 2025. These one-year recommendations aim to facilitate timely, informed procurement decisions, strengthening the global response to the dengue emergency and improving patient outcomes[9].
Implementation Gaps and Challenges
Access and Affordability
Many dengue-endemic countries depend on imported diagnostics, which are costly and often in short supply. RDTs are widely used but vary in quality, affecting reliability [31].
Infrastructure and Training
Limited laboratory infrastructure and undertrained personnel hinder accurate diagnosis, particularly in rural and peri-urban areas [31].
Cross-Reactivity and Misdiagnosis
High antigenic similarity with other flaviviruses (e.g., Zika, yellow fever) leads to false positives in serological tests, contributing to misdiagnosis and inaccurate reporting [8].
Surveillance Weaknesses
Inadequate diagnostic confirmation contributes to underreporting, distorting global burden estimates and delaying vector control efforts [8].
Lack of Harmonized Diagnostic Algorithms
The absence of a universal diagnostic algorithm results in inconsistent practices across regions. National guidelines often diverge from WHO recommendations, especially in decentralized health system [8].
Future Directions and Recommendations
Strengthen Laboratory Networks
Invest in regional reference labs and quality assurance programs to improve diagnostic accuracy and support local test validation.
Advance R&D for Multiplex and AI-Assisted Tools
Develop affordable multiplex platforms for simultaneous detection of multiple arboviruses. AI-assisted tools can enhance result interpretation and triage.
Reform Policy and Procurement
Encourage local manufacturing, reduce regulatory delays, and integrate WHO prequalification into national procurement systems to improve access.
Integrate with Digital Surveillance
Link diagnostics with mobile reporting and geospatial mapping tools to accelerate outbreak detection and guide vector control strategies.

Conclusion
Significant progress has been made in dengue diagnostics, particularly in molecular and antigen-based testing. However, persistent implementation gaps—ranging from access and infrastructure to regulatory barriers—continue to undermine disease control efforts.
Addressing these challenges requires coordinated action across sectors. Following a rigorous review, seven dengue diagnostic products have been listed by the WHO ERPD. These one-year recommendations aim to support timely, informed decisions in the global dengue response. By prioritizing diagnostic equity and investing in innovation, policy reform, and global collaboration, we can transform diagnostics into a cornerstone of dengue prevention and response.
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Table 1 : WHO case definitions of dengue and severe dengue
	Category
	Criteria

	Dengue
	Febrile person with ≥2 of the following: nausea, vomiting, rash, aches and pains, positive tourniquet test, leukopenia, or any warning sign. Must have recent travel to or residence in a dengue-endemic area in the previous 14 days.

	Dengue with Warning Signs
	Any case of dengue that presents with one or more of the following signs as, or preferably after, fever drops: Abdominal pain/tenderness, persistent vomiting, clinical fluid accumulation, mucosal bleeding, lethargy, restlessness, liver enlargement.

	Severe Dengue
	Dengue with any of the following: 
· Severe plasma leakage (shock or respiratory distress)
· Severe bleeding
· Severe organ impairment (e.g., hepatitis with ALT/AST ≥1,000 IU/L, impaired consciousness, heart impairment)












Table 2 : Sample types, usage, and handling guidelines for dengue virus (DENV) detection:
	Sample Type
	Use
	Collection Notes
	Storage Conditions

	Serum [12]
	Detects DENV RNA, NS1, IgM/IgG antibodies
	Preferred sample type
	2–8°C (≤48 hrs); -20°C or lower if delayed

	Whole Blood [12]
	Detects DENV
	Use EDTA tubes; avoid heparin
	4–8°C (≤24 hrs); do not freeze

	Plasma [13]
	Detects DENV
	Lower detection rate than serum/whole blood
	Similar to whole blood

	Capillary Blood [14]
	Used in children, outbreaks, low-resource areas
	Collected from fingertip, earlobe, or heel; stored as dried spots or in Microtainers®
	Room temperature (short-term)

	Urine [15]
	Detects DENV
	Midstream sample in sterile container
	2–8°C (≤24–48 hrs)

	CSF [15]
	Detects DENV or IgM in encephalitic cases
	Collected via lumbar puncture by trained personnel
	Immediate testing preferred; 2–8°C (short-term); -70°C (long-term); avoid freeze–thaw

	Tissue [16]
	DENV tissue testing, histology
	Liver, kidney, spleen, lung; formalin for histology
	-80°C (long-term); 10% formalin for histology

	RNA Extracts [16]
	Molecular testing
	Use ribonuclease-free tubes; aliquot to avoid freeze–thaw
	-70°C or lower



Table 3 : Comparison of Diagnostic Methods employed to detect the presence of dengue infection
	Test
	Purpose
	Method
	Detection Window
	Sensitivity/
Specificity
	Advantages
	Limitations
	Typical Use Cases

	RT-PCR  [17]
	Detect DENV RNA in early infection
	Nucleic acid amplification of viral RNA
	0-7 days post symptom onset
	83.9 %- 90.3% / 100%
	Highly sensitive and specific; detects all serotypes; early diagnosis
	Requires equipped labs and skilled personnel
	Early diagnosis, serotype differentiation, outbreak confirmation

	NS1 [18]
	Detect NS1 antigen in serum
	ELISA or RDT for NS1 protein
	Up to 9 days (primary), 6-7 days (secondary)
	ELISA: 100% / 99.2%; RDT: 68.5%- 87.0% / 100%
	Rapid results; useful in resource-limited settings
	Reduced sensitivity in secondary infections; affected by serotype/genotype
	Early diagnosis, especially in primary infections

	IgM [19]
	Detect recent DENV infection
	ELISA or RDT for IgM antibodies
	3-5 days post onset; peaks at 2 weeks
	ELISA: 61.5%- 99.0% / 79.9%- 97.8%; RDT: 20.5%- 97.7% / 76.6%- 90.6%
	Confirms recent infection; useful in later phase
	Cross-reactivity; false positives; low sensitivity in early phase
	Diagnosis after 7 days, confirmation of acute infection

	IgG [20]
	Detect past or secondary DENV infection
	ELISA or RDT for IgG antibodies
	Appears later; peaks 6-5 days in secondary infections
	Varies; high cross-reactivity
	Indicates secondary infection; long-term marker
	Cross-reactivity; requires paired samples for confirmation
	Differentiating primary vs secondary infections

	PRNT [21]
	Quantify neutralizing antibodies; differentiate serotypes
	Neutralization of virus in cell culture
	Post-seroconversion
	High / High
	Gold standard for immunity and vaccine evaluation
	Time-consuming; labour-intensive; reference labs required
	Vaccine studies, serotype-specific immunity, research

	Virus Isolation [22]
	Direct identification and characterization of virus
	Inoculation into mammalian or mosquito cell cultures
	Early phase; viable virus required
	High / High
	Gold standard for phenotypic/genotypic analysis
	Requires high biosafety; not routine; labour-intensive
	Reference lab studies, virus characterization



Table 4 : Dengue testing indications for different public health and clinical contexts [8] :
	Testing Indication
	Purpose
	Preferred Methods
	Test Types
	Turnaround Time
	Sample Considerations

	Patient Management
	Rapid diagnosis to guide clinical care
	NAAT (e.g., RT-PCR), NS1 ELISA or RDT, NS1 + IgM combo, differential testing for other pathogens
	Molecular and antigen/antibody detection
	High priority &rapid results needed
	Test without delaying care; prioritize high-risk patients

	Outbreak Investigation
	Confirm aetiology and support public health response
	NAAT, NS1 ELISA or RDT, NS1 + IgM combo
	Molecular and antigen/antibody detection
	High priority & rapid results needed
	Timely analysis; thresholds based on surveillance data; sample proportion (e.g., 10â€“30%)

	Surveillance
	Monitor trends and circulating serotypes
	ELISA for IgM/IgG, NAAT including multiplex RT-PCR
	Serological and molecular
	Lower priority & high-throughput preferred
	Flexible sample size; based on endemicity and lab capacity

	Further Characterization
	Serotype differentiation and genomic surveillance
	Multiplex real-time PCR, PRNT, Next-generation sequencing (NGS)
	Molecular and neutralization assays
	Moderate & depends on surveillance objectives
	Sampling based on proportion of positive cases
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Table 5 : Recommended dengue testing methods and interpretation of results at different stages of infection [8]
	Stage of Infection
	Analyte
	Testing Method
	Result
	Interpretation

	Acute (1-7 days)
	RNA
	NAAT
	+
	Confirms acute dengue infection

	
	RNA
	NAAT
	-
	Dengue not confirmed

	
	NS1
	ELISA/RDT
	+
	Confirms acute dengue infection (consider serotype and prevalence)

	
	NS1
	ELISA/RDT
	-
	Dengue not confirmed

	Acute (1-7 days) and Convalescent (>7 days)
	NS1 & IgM
	ELISA/RDT
	NS1+/IgM+
	Confirms acute dengue infection

	
	NS1 & IgM
	ELISA/RDT
	NS1+/IgM-
	Confirms acute dengue infection

	
	NS1 & IgM
	ELISA/RDT
	NS1-/IgM-
	Dengue not confirmed

	
	NS1 & IgM
	ELISA/RDT
	NS1-/IgM+
	Probable recent dengue infection (consider clinical/epidemiological context)

	Convalescent (>7 days)
	IgM
	ELISA/RDT
	+
	Probable recent dengue infection (consider clinical/epidemiological context)

	
	IgM
	ELISA/RDT
	-
	Dengue not confirmed (consider differential diagnosis)






[bookmark: _Hlk203647117]Table 6: WHO-Reviewed Dengue Diagnostic Kits (as of 15 May 2025) [9]
	Product Name
	Manufacturer
	Analyte Detected
	Specimen Type
	Shelf Life / Storage
	Risk Category*
	Valid Until

	STANDARD Q Dengue Duo Test RDT
	SD Biosensor, Korea
	NS1 antigen + IgM/IgG antibodies
	Serum, plasma, whole blood
	24 months / 2–40°C
	Category 2
	Mar-26

	Dengue (NS1 Ag+IgG/IgM) DUO RDT
	Jiangsu Bioperfectus, China
	NS1 antigen + IgM/IgG antibodies
	Plasma or serum
	24 months / 2–40°C
	Category 3
	Mar-26

	BIOCREDIT Dengue NS1 Ag + Ab Duo RDT
	Rapigen, Korea
	NS1 antigen + IgM/IgG antibodies
	Serum, plasma, venous whole blood
	24 months / 2–40°C
	Category 2
	Apr-26

	STANDARD M10 DENV 1–4 RT-PCR test
	SD Biosensor, Korea
	DENV-1 to 4
	Serum or plasma
	12 months / 2–28°C
	Category 2
	Mar-26

	VIASURE Dengue Serotyping RT-PCR Kit
	CerTest Biotec, Spain
	DENV-1 to 4
	Serum
	24 months / 2–40°C
	Category 3
	May-26

	ichroma Dengue NS1 Ag
	Boditech Med, Korea
	NS1 antigen
	Whole blood, serum, plasma
	20 months / 2–30°C
	Category 3
	May-26

	ichroma Dengue IgG/IgM
	Boditech Med, Korea
	IgM/IgG antibodies
	Whole blood, serum, plasma
	20 months / 2–30°C
	Category 3
	May-26


*Risk Category Key:
· Category 2: No objection to time-limited procurement.
· Category 3: Procurement may be considered when no alternatives exist and benefits outweigh risks. Contact WHO NTD for conditions.
