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Abstract

Recent advancements in malaria diagnostics have revolutionized the detection and
management of this deadly disease. From traditional microscopy to rapid diagnostic tests
and currently, to cutting-edge molecular techniques, such as isothermal amplification and
different types of polymerase chain reactions, significant progress has been witnessed in
enhancing the sensitivity, specificity, and accessibility of diagnostic tools. These innovations
have enabled rapid and more accurate detection of malarial parasites, especially in regions
with limited healthcare infrastructure. Furthermore, integrating information technology-
and artificial intelligence-based applications with point of care devices has facilitated real-
time data collection and decision-making, ultimately aiding global efforts toward malaria
elimination. Although conventional techniques are still employed at field sites, challenges
such as high sensitivity, species specificity, cost-effectiveness, scalability, and the emergence
of drug-resistant strains persist. These challenges underscore the need for continuous
research and development of novel malaria diagnostics.

Keywords: Malaria, Microscopy, Molecular techniques, Points of care tests, Rapid diagnostic
tests

Introduction

Malaria remains a major global health challenge. Five Plasmodium species can infect humans: P.
falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi. Among these, P, falciparum and P, vivax are the
most prevalent globally, and severe malarial complications are most commonly associated with P. falciparum
infections [1]. Recently, the zoonotic parasite P. knowlesi, which was misdiagnosed as P. malariae, has been
classified as zoonotic malaria in southeastern countries in Asia [2].

In tropical regions, fever is a common symptom of several diseases including malaria. The accurate
and early diagnosis of malaria is essential to prevent severe clinical cases and ensure timely treatment [3].
Prompt detection of malaria upon hospital admission is crucial for initiating treatment, reducing community
transmission, preventing complications, improving patient outcomes, and maintaining the efficacy of
antimalarial drugs. Minimizing misdiagnosis in primary care is vital for effective treatment and for avoiding
unnecessary antimalarial drug use, which can lead to side effects and drug resistance. Therefore, improving
diagnostic accuracy and reducing false positives are key to effective malaria control and patient care [4].

To address these challenges, reliable malaria diagnostic tests are essential. Accurate diagnosis enables
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monitoring of drug resistance patterns in malarial parasites. Healthcare providers can adjust treatment
protocols and prevent the spread of drug-resistant parasites by identifying cases of treatment failure and
tracking the emergence of antimalarial drug resistance [5]. Thus, a reliable and rapid diagnosis of malaria
may be considered for the prevention of severe malaria at field sites in endemic countries [6].

Currently, the most frequently used method for diagnosing malaria, particularly in primary care settings
and areas with limited laboratory access, is microscopic examination, which is the gold standard for the
development of novel techniques such as rapid diagnostic tests (RDTs) and molecular methods. Several
techniques are currently available for rapid malaria diagnosis, including RDTs, cytometric diagnosis, and
molecular detection methods such as polymerase chain reaction (PCR), real-time PCR, nested PCR, qPCR,
multiplex PCR, recombinase polymerase amplification (RPA), and loop-mediated isothermal amplification
(LAMP). In addition, information technology (IT)- and artificial intelligence (Al)-based point-of-care (POC)
devices have been integrated into diagnostic processes. Herein, we discuss the challenges and prospects

associated with each diagnostic method.

Light microscopy

Microscopy remains a crucial tool for diagnosing malaria because of its ability to accurately identify
malarial parasites and provide valuable information for patient management and public health surveillance.
The technique involves staining a thin blood smear and examining it under a microscope to detect
the presence of malarial parasites. Over time, refinements in staining and microscopic methods have
improved the accuracy and reliability of diagnoses. The World Health Organization (WHO) has developed
standardized protocols for preparing and examining blood smears and criteria for classifying malarial species
and quantifying parasite density [7,8].

Microscopy is considered the gold standard for laboratory confirmation of malaria because it allows direct
visualization of malarial parasites in patient blood samples. Trained microscopists can accurately identify the
presence of parasites, distinguish between different species and developmental stages in infected erythrocytes,
and quantify parasite density, thereby providing valuable information for patient management [6,9].

Five species of human malarial parasites (P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi)
have distinct morphological features when observed under a microscope. This distinction is important
because different species may require different treatment regimens and accurate species identification helps
ensure appropriate therapy.

Microscopic diagnosis requires trained and experienced laboratory technicians and microscopists.
Accurately identifying malarial parasites under a microscope demands expertise and proficiency, and prolong
turnaround times to obtain diagnostic results [10]. This process is labor-intensive and time-consuming and
requires skilled personnel to prepare and examine slides manually. Maintaining an adequate laboratory
infrastructure, equipment, and supplies for microscopy can be challenging in remote or resource-limited
settings. Limited access to electricity, clean water, and trained personnel may affect the reliability and
availability of microscopy services. It may be difficult to diagnose mixed infections where more than one

malarial parasite species coexists in the same individual in highly endemic areas. Distinguishing between
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different parasite species and accurately quantifying the parasite density in mixed infections can be
challenging and may lead to misdiagnosis.

Despite these disadvantages, microscopic examination remains an important diagnostic tool for
malaria, particularly in areas where molecular or RDTs are unavailable. Efforts to address the limitations
of microscopy include personnel training programs, quality assurance measures, and the development of

complementary diagnostic technologies.

Immunochromatography-based RDTs
Immunodiagnostic techniques, including immunochromatography-based RDTs, enzyme-linked

immunosorbent assays, and flow cytometry, are extensively employed to detect Plasmodium infections.
Among these, RDTs stand out as the preferred method for detecting specific antigens such as parasite
lactate dehydrogenase (pLDH), P. falciparum histidine-rich protein 2 (PfHRP2), and Plasmodium aldolase
(pAldolase), as well as antibodies associated with malaria parasites. Over the past decade, RDTs have
emerged as an alternative diagnostic tool for malaria when high-quality microscopy is unavailable or
unreliable [11].

The RDT utilizes a lateral flow immunochromatographic method involving the interaction of dye-labeled
antibodies with parasite-specific antigens in blood samples on a nitrocellulose strip, resulting in a visible line.
The intensity of the line color indicates the quantity of parasite antigens present in the blood samples [12]. It
can identify a range of species from P, falciparum to non-falciparum parasites, P. vivax, P. malariae, P. ovale,
and P, knowlesi.

According to the WHO quality assurance guidelines [13], RDTs must reliably detect the following: (a) less
than 200 parasites/pL, equivalent to 0.004% parasitemia for P. falciparum and P. vivax, (b) a false-positive
rate of less than 10%, and (c) an invalid rate of less than 5%.

The commonly used antigens for commercially available RDTs include PfHRP2 and two enzymes from
the Plasmodium parasite glycolytic pathways, namely, pLDH, and pAldolase. Specifically, PfHRP2, Pf-
pLDH, and aldolase were used to detect P. falciparum, whereas Pv-pLDH and non-P. falciparum LDH (pan-
pLDH) for detecting non-falciparum parasites, including P. vivax, P, ovale, P. malariae, and P knowlesi [14,15].

Commercial assays that detect PFHRP2 and/or PfLDH include Bioline™ (Abbott Point of Care),
CareStart™ (Access Bio), Binax NOW (Binax Inc.), First Response (Premier Medical Corporation Ltd),
pfLDH (Mologic), NxTek™ Eliminate Malaria Pf test (Abbott Diagnostics Korea Inc.), One Step test for
Malaria (Meril Diagnostics Pvt. Ltd), OptiMAL (DiaMed AG), Paracheck Pf (Orchid Biomedical Systems),
ParaHIT" (Arkray Healthcare Pvt. Ltd), Parascreen (Tulip Diagnostics (P) Ltd), RapiGEN (RapiGEN Inc.),
and STANDARD™ (SD Biosensor) [16].

PfHRP2 is produced during both the asexual and sexual stages in P. falciparum. This particular antigen
becomes detectable within 24 to 48 hours following the invasion of new erythrocytes and remains in the
plasma or serum for up to 3 weeks. This extended presence allows the detection of PfHRP2 even when
parasites are not visible through microscopy because of sequestration. However, the persistence of PIHRP2

in the bloodstream after parasite clearance can result in false positives. In addition, in regions where parasites
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exhibit deletions in the pthrp2 gene, PfHRP2-based RDTs may have reduced sensitivity, leading to inaccurate
negative results.

In a previous report, the performance of the PHRP2/pLDH Combo kit (CareStart) was compared with
that of a microscopic examination in a malaria-endemic region in Uganda. The study confirmed that PfHRP2
RDTs had a high sensitivity of 88.8% (84.8%-92.0%) for variable parasite densities in blood samples and
a high specificity of 98.9% (96.8%—99.0%) for detecting P. falciparum infections. However, false negative
results were observed with PfHRP2-based RDTs in patients with low parasitemia and parasites lacking the
pthip2 gene [17,18].

Another product from the same company, the CareStart™ Malaria pLDH (Pf/pan) Combo Test, has been
evaluated in a field study in Madagascar [19]. This study reported sensitivities for P. falciparum that were
comparable to those in the current study, including lower values at parasite densities < 100 parasites/uL (60.0%)
and increased sensitivity at higher parasite densities at > 500 parasites/pL (100%).

Estimates from meta-analyses indicate that PFHRP2-detecting RDTs have an average sensitivity of 95.0%
(95% confidence interval [CI]: 93.5%-96.2%) and an average specificity of 95.2% (95% CI: 93.4%-99.4%)
[20]. In comparison, Pf-pLDH-detecting RDTs exhibited slightly lower sensitivities of 93.2% (95% CIL:
88.0%-96.2%) but demonstrated higher specificities of 98.5% (95% CI: 96.7%-99.4%) [20]. The Pv-pLDH
RDTs displayed a comparable pooled sensitivity of 95% (95% CI: 86%—99%) and specificity of 99% (95%
CIL: 99%—100%) relative to reference microscopy in endemic regions. However, in studies where Pv-pLDH-
detecting RDTs were evaluated against PCR as the reference standard, sensitivities ranged from 59% to 77%,
and specificities ranged from 97% to 100% [21].

The accuracy of RDTSs for malaria can vary based on factors such as the RDT manufacturer, type of
antigen targeted, density of parasites, genetic variation of pthrp2/3 among P. falciparum parasites, overall
prevalence of malaria, range of parasite species, optimal test performance, and immune response of patients
in malaria-endemic regions. Despite the challenges associated with RDTs, they offer significant benefits
compared to traditional microscopic analyses, especially in less accessible rural or remote areas. RDTs are
cost-effective, do not require complex equipment, provide rapid results, and are easy to use. These features

make RDTs highly suitable and accessible in areas with limited resources.

Cytometric analysis technique

For both microscopic and cytometric diagnoses, the accurate identification and analysis of small
numbers of malaria-infected blood cells in a large number of healthy cells is crucial. The first step involves
distinguishing the physical and chemical attributes that differentiate parasite-infected red blood cells from
other blood components and different malaria species [22].

Effective identification requires a detailed examination of well-prepared, stained smears under high
magnification (1000x) using an oil immersion lens. Common staining methods include dihydroethidium,
Hoechst 33342, or SYBR Green I for parasites and CD45 monoclonal antibody for leukocytes. This allows
for distinguishing infected from non-infected red blood cells and assessing the parasite stages, which are
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essential for diagnosis and drug efficacy testing [23,24].

Cytometric assays that match microscopic examinations in terms of sensitivity and specificity are vital for
malaria research and diagnostics. However, advanced cytometers using ultraviolet (UV) lasers for Hoechst
detection are typically too large for field use and are better suited for high-throughput clinical and research
settings, especially for antimalarial drug discovery [25].

Key diagnostic features include the examination of the nuclei for size, shape, texture, and cytoplasmic
characteristics, including the presence of hemozoin. Hemozoin, a byproduct of hemoglobin digestion by
the parasite, is detectable based on its magnetic, optical, and acoustic properties [26,27]. The Gazelle device
(Hemex Health), which identifies malaria by analyzing hemozoin crystals in lysed blood samples, shows
high sensitivity (97.6%) and specificity (96.8%) compared to microscopy, PCR, and RDT in P. falciparum
endemic areas [28].

Despite its effectiveness, this method has drawbacks, including labor intensity, the need for skilled
technicians, expensive equipment, and potential false positives with other infections. However, it remains
a valuable screening tool and hemozoin-containing leukocyte counts may correlate with disease severity,
although the findings vary [28]. Automated hematological analysis is a rapid, sensitive, and cost-effective
method for evaluating suspected malaria cases in hospitals. Unusual scattergrams may result from white
blood cells scattering light differently after phagocytosing parasites and incorporating hemozoins [26,29,30].
Although advanced flow cytometry can detect intraerythrocytic hemozoin, it is less suitable for P. falciparum
diagnosis because of trace amounts of hemozoin in the circulating ring-stage parasites.

In laboratory settings, single-color flow cytometers that utilize nucleic acid staining have traditionally been
used to identify malaria-infected red blood cells. Recently, Sysmex (Kobe, Japan) developed an automated
hematology analyzer to diagnose parasite-infected red blood cells using nucleic acid staining, This analyzer
can differentiate between the malarial species P, falciparum and P, vivax by employing fluorescent dyes to
enhance the fluorescence intensity [31]. Previous studies evaluating the performance of the Sysmex XN
hematology analyzer for malaria detection have reported sensitivities ranging from 1.1% to 64.0% [32-35].

Advanced molecular techniques

Nucleic acid amplification technology (NAAT) is a collection of techniques used to amplify small amounts
of nucleic acids (DNA or RNA) at detectable levels. NAATs play a crucial role in different applications,
including early and sensitive diagnosis of infectious diseases [36]. These technologies are essential for
molecular biology, medical diagnostics, and research such as PCR [37], isothermal amplification techniques
(LAMP) [38], RPA [39], nucleic acid sequence-based amplification [40], helicase-dependent amplification
[41], strand displacement amplification [42], transcription-mediated amplification [43], rolling circle
amplification [44], and multiple displacement amplification [45]. These technologies are highly sensitive
owing to their capacity to amplify minute quantities of target DNA or RNA. NAAT-based molecular
diagnostics show a unique sensitivity for infectious diseases, including malaria. The broad category of
NAATS includes different forms of PCRs (multiplex, nested, real-time, and qPCR), LAMP, and molecular
POC testings (POCTs).
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Multiplex PCR

One of the most noteworthy scientific breakthroughs in molecular genetics over the past decade has been
the development of PCR. PCR is the most commonly employed genetic amplification method in laboratories
owing to its robust thermal cycling process, specificity, simplicity, speed, and sensitivity. PCR has enabled the
development of highly sensitive techniques for detecting malarial parasites, and its inherent specificity allows
for precise identification of the parasite genome down to the species level [46].

Multiplex PCR is a variation of standard PCR that allows simultaneous amplification of multiple target
DNA sequences in a single PCR experiment. This method uses multiple pairs of primers in a single PCR
mixture to amplify different DNA segments specific to the organism or gene of interest. The principle of
multiplex PCR is to increase the efficiency and productivity of PCR-based diagnostic tests by reducing the
number of reactions required. In the context of malaria diagnostics, multiplex PCR is particularly valuable
because it can differentiate between different Plasmodium species that cause malaria in a single test [47,48].
This is crucial for accurate diagnosis and appropriate treatment because different species may require different
treatment regimens.

Primers are often designed based on 18S ribosomal RNA (rRNA) genes, which have higher multi-copy
numbers (48 copies per parasite) than other single-copy targets in the genome. These genes have been used
for Plasmodium species-specific diagnosis because of their high sensitivity [49,50]. Plasmodium spp. possess
two distinct 18S rRNA subunits, each expressed at different stages of the parasite’s life cycle: one during
the blood and liver stages and another during the sporozoite stage. These 18S rRNA genes differ in both
sequence and size.

In addition to the 18S rRNA gene, several other high-copy genes have recently been reported as equivalent
or better diagnostic targets, including telomere-associated repetitive element 2 (TARE-2; 250 copies/genome)
and the acidic terminal sequence of the var gene (varATS; 59 copies/genome) [51]. These two target gene
assays displayed higher sensitivity than 18S rRNA gene detection.

Nested PCR

The introduction of nested PCR has significantly enhanced the performance and sensitivity of PCR for
malaria diagnosis. Nested PCR is a two-step amplification process. In the first stage of PCR (Nest-1), primers
specific to the Plasmodium genus are designed from the target sequence and used to amplify the target DNA
from the samples. The amplified product from this initial reaction served as a template for the secondary
PCR (Nest-2). Secondary PCR employed species-specific primers targeting all human Plasmodium species,
as described by Snounou et al. (1993) [49] and Singh et al. (1999) [50]. The second stage (Nest-2) used
Plasmodium species-specific primers to further amplify the target DNA. This technique is sensitive enough to
detect malarial infections with parasitemia levels as low as 56 parasites/pL, making PCR-based techniques
highly effective for diagnosing malaria [52-54].

The refined nested PCR technique assesses Plasmodium DNA within the highly conserved regions for

genus identification and amplifies a variable region to enhance sensitivity and specificity for species-specific
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identification of the 18S rRNA gene [49,50,55-57]. Nested multiplex PCR can distinguish between the DNA
of P falciparum, P, vivax, P. malariae, P, ovale, and sometimes the less common P. knowlesi [58]. This allows
specific identification and appropriate treatment decisions.

However, there is potential for cross-reactivity in Plasmodium species-specific reactions because of
similarities in the primer-binding regions of 18S rRNA gene sequences used for PCR. Despite this, molecular
approaches offer a highly precise diagnosis, enhancing the proper treatment and management of malaria.

Real-time PCR

Although traditional diagnostic PCR is sensitive and cost-effective, it requires considerable time from
gene amplification to visualization, as well as expensive reagents and equipment. In comparison, several of
today’s real-time PCR assays are probe-based, costly, and may not be effective for detecting all species in a
single amplification reaction. Furthermore, melting curves were explored for additional species confirmation
and validation in multiplex systems [59]. Previous studies have demonstrated that real-time PCR is both
time- and cost-efficient, employing a single protocol to identify and distinguish five human Plasmodium
species with detection limits for P. falciparum, P, vivax, and P. malariae of 0.064, 1.6, and 0.32 parasites/uL.
respectively, without cross-reactivity [60-62]. Advancements in real-time PCR technologies, including real-
time gPCR, digital PCR (dPCR) [63], and digital droplet PCR (ddPCR) [64], now allow the detection of
extremely low parasite densities (less than 0.2 parasites/uL). Although gPCR remains sensitive and effective,
several advanced qPCR methods require probe-based techniques that are not only expensive but also often
unsuitable for single-reaction conditions owing to specific needs for annealing, elongation temperatures, and
cycle numbers. These sophisticated methods are predominantly utilized in well-equipped facilities within

endemic regions, offering a potent alternative for malaria diagnosis using a molecular diagnostics toolkit.

LAMP

LAMP is a simple and efficient molecular diagnostic technique involving DNA amplification under
isothermal conditions [65-67]. This method eliminates the need for sophisticated laboratory equipment when
malaria-endemic field sites are expensive. LAMP can amplify DNA between 1 billion and 10 billion times
within 15-60 min. This supports different methods of detection: visual inspection through the integration of
fluorescent dyes, including SYBR Green I dye, or more automated detection approaches using cost-effective
turbidimeters for real-time monitoring. Furthermore, the application of LAMP in malaria diagnostics has
been enhanced by its integration into portable microfluidic chips [68]. This innovation is complemented by a
streamlined DNA extraction process using simple boiling and spin techniques.

Unlike PCR, which relies on cycling at three different temperatures, the LAMP assay provides the
advantage of amplifying nucleic acids (RNA and DNA) at a constant temperature, generally around
62°C—65°C, without the need for annealing or denaturation. This isothermal method significantly reduces the
overall processing time and eliminates the requirements of a thermocycler. LAMP uses a strand-displacing
Bst DNA polymerase to initiate synthesis, with two of its four to six primers forming loop structures that
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streamline subsequent amplification rounds. Moreover, the LAMP technique is highly tolerant to inhibitory
substances found in blood samples, such as hemoglobin and metal ions, and can work efficiently with small
quantities of blood applied to filter paper. However, the LAMP assay has several limitations: it currently
suffers from inadequate accuracy, limited application in field settings due to the necessity of cold storage
for reagents, burdensome blood sample preparation processes, and restricted multiplexing capabilities. In
previous studies, blood samples were modified for DNA amplification using the boiling method without a
complex extraction procedure [66].

LAMP has a high sensitivity and specificity for malaria diagnosis. Meta-analyses have reported that
LAMP can achieve sensitivity rates ranging from 96% to 98% and specificity rates of approximately 95%
compared with microscopy and PCR, making it an excellent tool for malaria diagnosis in both endemic and
non-endemic settings [65,69,70]. The detection limit of LAMP for malaria diagnosis is notably low, and it
can detect as few as 5 to 10 parasites per microliter of blood. This makes it highly effective for identifying
low-density infections that may be missed by microscopy or RDTs [69,71].

The LAMP assays for malaria are designed to be user-friendly and suitable for field conditions. They
can provide results within an hour, with visual detection of DNA amplification typically achieved through
fluorescence or turbidity changes that can be observed with the naked eye under UV light [66,71]. This
quick turnaround time is beneficial for prompt diagnosis and treatment, particularly in remote areas that lack
advanced laboratory infrastructure. Overall, LAMP is a valuable tool for malaria diagnosis owing to its high
accuracy, low detection limits, and practicality in resource-limited settings.

RPA

Recently, RPA has emerged as a simpler alternative to PCR-based assays for the diagnosis of malaria. RPA
targets a specific fragment of the 18S rRNA gene and uses strand-displacing DNA polymerase to form a
recombinase-primer complex, eliminating the need for thermal cycling. This isothermal process operates at
moderate temperatures (37°C-42°C) and can be completed in approximately 20 min using basic equipment
such as a heating block.

The minimal equipment requirements of the RPA make it highly suitable for resource-limited laboratories
because it can be conducted using a simple incubator. This simplicity and adaptability of position molecular
POC-RPA make it a promising diagnostic tool for detecting malarial parasites, allowing for straightforward
execution and result interpretation without specialized instruments. For the endpoint detection of RPA
products, the combination of RPA with lateral flow assays (LFA) has become the preferred visual readout
method. RPA-LFA assays have been successfully used to detect P, falciparum and P. knowlesi parasites [72-75].

Studies have demonstrated that RPA assays demonstrate high sensitivity (88%—100%) and specificity
(100%) for P, falciparum and P. knowlesi, detecting as little as 100 fg of genomic DNA, which corresponds
to a limit of detection of four parasites per reaction within 10 min. For example, the assay detected five
copies/uL of synthetic Plasmodium DNA in under 30 min using synthetic copies of the 18S rRNA gene
from Plasmodium species that infect humans. The sensitivity of this assay is comparable to other isothermal
amplification methods and optical microscopy [76].
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Designing effective RPA primers and probes remains a significant challenge, particularly for the
development of multiplex RPA assays. This complexity arises from the need to test numerous primer and
probe combinations to determine a functional set. Effective primer design must avoid the formation of
primer dimers with lengths of 30-35 bases; otherwise, primers of up to 45 nucleotides may form secondary
structures and artifacts. Overall, RPA is a novel, rapid, and sensitive molecular technique for malaria detection
that offers a practical solution for POC testing in resource-limited settings.

Integrated POC molecular diagnostic devices

POC molecular diagnostic devices for malaria are advancing rapidly, offering more efficient and field-
deployable options to improve diagnostic accuracy and accessibility, particularly in resource-limited settings.
POC-NATs can rapidly detect the presence of malarial parasites with high sensitivity and specificity and
typically involve three phases: sample preparation, nucleic acid amplification, and signal transduction.
Despite significant advancements in the latter two phases, the initial step of sample preparation continues to
be complex and labor-intensive, posing a challenge for the development of fully integrated POC molecular
diagnostic tools. Efforts have been made to streamline and consolidate sample preparation processes in these
devices through innovative integration techniques, the use of newly engineered materials, improved reagent
storage, and fluid management systems [77,78]. A deeper understanding of the technologies involved in
integrated POC molecular diagnostics, from sample preparation to signal transduction, is essential for driving
forward innovations that can lead to personalized medicine and enhance global public health outcomes.

Recently, numerous researchers have explored nucleic acid testing for the detection of Plasmodium
parasites and as a POC molecular diagnostic tool for malaria. Technical barriers to molecular POCT include
the availability of thermocyclers, the need to optimize each reaction using appropriate materials, and the
handling of nucleic acid amplification reagents. The most promising molecular POCT techniques include
isothermal amplification methods, such as LAMP and RPA. Although PCR, multiplex PCR, and real-time
PCR are commonly used, commercial molecular POCT products are currently limited to LAMP-based kits.
Notable examples include the Loopamp Malaria Detection Kit (Eiken), which offers pan-genus-, P. vivax-
specific, and P. falciparum-specific kits. The RPA holds potential for the development of colorimetric RDTs
because it can be formatted into a lateral flow cassette for easy visualization.

Microfluidic technologies have significantly enhanced the portability and functionality of POC diagnostic
tools, enabling the development of robust, sensitive, and specific malaria diagnostic assays [79-81]. These
devices automate nucleic acid extraction and amplification with minimal manual intervention, making them
accessible to non-technical personnel. The complexity and cost of molecular diagnostics can be reduced
by integrating sample processing and analytical functions into a single platform. Digital microfluidics and
biosensors represent another breakthrough offering highly sensitive assays for the detection of infectious
pathogens through advanced optical sensing. These platforms can be incorporated into portable devices to
support sophisticated biochemical analyses [82-84].

Advancements in telemedicine and mobile technologies have further enhanced malaria diagnosis. Systems
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such as the Malaria Case Notification System in Zanzibar and the Mobile-based Surveillance Quest using
IT in India use mobile and web-based technologies to streamline malaria surveillance and diagnostics [85-
87]. These initiatives highlight the potential of digital health solutions in combating malaria. Integrated POC
molecular diagnostic devices are making significant progress in providing rapid, accurate, and accessible
malaria diagnostics, which are essential for effective disease management and elimination.

This review provides a comprehensive comparison of six diagnostic techniques, namely microscopy, PCR,
real-time PCR, LAMP, RPA, and RDTs (Table 1).

Table 1. Comparison of methods for diagnosing Plasmodium-infected patients

Limit of

Methods Sensitivity (%) Specificity (%) detection Tlmilftor Skill level Equipment Cost/Test (§)  References
(parasites/uL)

Microscopy Moderate to high High 50-100 30-60min  High Microscope 0.5-2 [71,[10]
(70-90) (95-100)

PCR Very high Very high 1-5 4-6 hrs High Thermal cycler, gel 10-20 [52], [54]
>95) >95) electrophoresis

Real-time PCR Very high Very high 0.064-1.6 2-4 hrs High Real-time thermal 15-25 [60],[61],[62]
(>95) >95) cycler

LAMP High High 1-10 1-2hrs  Moderate  Simple heater or 2-5 [38], [66]
(90-95) (95-100) water bath

RPA High High 1-10 20-40min Moderate  Simple heater or 5-10 [73]
(85-95) (95-100) water bath

RDT Moderate to high  Moderate to high 100-200 1020min ~ Low None 0.5-3 [6],19]

(70-90)

(85-95)

Abbreviations: PCR, polymerase chain reaction; LAMP, loop-mediated isothermal amplification; RPA, recombinase polymerase amplification; RDT, rapid

diagnostic test.

Conclusion

Microscopy is the preferred method for malaria diagnosis because of its high reliability and cost-
effectiveness. RDTS offer valuable advantages, such as swift results, simplicity, and low cost, making them
particularly useful in remote areas. Recently, certain RDT quality improvements have been achieved for
the diagnosis of clinical cases and are used widely in low-income endemic countries by the WHO and
non-government organizations. Cytometric techniques present an option for parasite identification and the
quantification of parasite density, especially in cases of low parasitemia. However, their utilization requires
well-trained technicians and expensive equipment in hospitalized institutions and is useful for the high-
throughput screening of antimalarial drugs. PCR-based tests, including real-time PCR, multiplex PCR, and
nested PCR, are preferred because of their ability to provide comprehensive information on the parasite load,
species, and drug resistance. Nevertheless, their reliance on skilled professionals and consistent electricity
supply poses challenges, rendering them less feasible in low-resource settings or POCT. Isothermal DNA
amplification methods such as LAMP and RPA exhibit potential for field-based malaria diagnosis. LAMP

Annals of Clinical Microbiology 2024 September Vol.27(3) 164



Malaria diagnostics

and RPA assays are rapid, straightforward, and require affordable equipment. When combined with IT-
and Al-based technologies, they offer compelling prospects for POC diagnostics owing to their simplicity,
affordability, and impressive sensitivity and specificity, particularly when suited for malaria diagnosis in

remote areas.
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