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Abstract

Background: Malaria continues to be a major global health problem, with over 228 million cases and
405,000 deaths estimated to occur annually. Rapid and accurate diagnosis of malaria is essential to
decrease the burden and impact of this disease, particularly in children. We aimed to review the main
available techniques for the diagnosis of clinical malaria in endemic settings and explore possible future
options to improve its rapid recognition.

Methods: Electronic databases including, Google, Google Scholar, PMC, PubMed, Science Direct, and
Scopus were rigorously searched using the terms Malaria diagnosis, Microscopy for malaria, plasmodium
detection, Rapid diagnostic tests, PCR for malaria for the completion of this descriptive review.

Result: Literature review shows that Light microscopy is still considered the gold standard method for
malaria diagnosis and continues to be at the frontline of malaria diagnosis. However, technologies such
as rapid diagnostic tests, mainly those that detect histidine-rich protein-2, offer an accurate, fast, and
affordable alternative for malaria diagnosis in endemic areas. They are now the technique most extended
in endemic areas for parasitological confirmation. In these settings, PCR-based assays are usually
restricted to research and they are not currently helpful in the management of clinical malaria. Other
technologies, such as isothermal methods could be an exciting and alternative approach to PCR in the
future.

Conclusion: Available evidence suggests that the role of RDT, despite its increasing false negatives, is still
the most feasible diagnostic test because it is easy to use, fast and does not need expensive equipment.
Noninvasive tests that do not require a blood sample, but use saliva or urine, are some of the recent
tests under development that have the potential to aid malaria control and elimination. Therefore, future
innovation will be required to apply more sensitive and affordable methods in resource-limited settings.

Keywords: Malaria; Plasmodium; Rapid Diagnostic Test (RDT); Polymerase Chain Reaction (PCR); Loop-
mediated Isothermal Amplification (LAMP)

Introduction

For centuries, humans have been plagued with malaria, a disease that seems to prevail
over strategies used to combat it. It is becoming more challenging through the emergence of
antimalarial drug resistance. The female Anopheles mosquito serves as a competent vector
to transmit the Plasmodium parasite to human hosts with each blood meal. The mosquito
remains unharmed by the parasite, and its ubiquitous nature ensures the transmissibility
of the disease. According to the World Health Organization (WHO), there were 228 million
cases and 405,000 deaths worldwide in 2018 [1]. The countries where the disease is endemic
are referred to as the “malaria belt”. These locations mostly have tropical climates that
are conducive to the breeding of mosquitoes and subsequent transmission of the parasite
to human hosts. However, several countries that were in this category have managed to
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eliminate the disease and have been declared “malaria-free” by
the WHO, due to a combination of programmatic approaches
that involve early diagnosis and treatment [2]. The novel malaria
RTS, S subunit vaccine seems to be a promising start for the use
of vaccination as a strategy towards malaria elimination, however,
with a vaccine efficacy of only 30% to 50%, there is still a long
way to go before vaccination can be considered a reliable method
against malaria [3]. Until such a time, current control measures
need to be improved and deployed to their maximum capacity.
Four well-established species of the malaria parasite infect
humans, namely Plasmodium falciparum, P vivax, P. ovale, and P,
malariae. P. falciparum, the deadliest species, accounts for 99.7%
of infections in Sub-Saharan Africa. P. vivax is the most common
in the Americas and accounts for 75% of infections [1]. For Asia
and Oceania, the number of P, falciparum and P. vivax infections are
relatively equivalent. P. ovale and P. malaria are widely dispersed
but have low incidence [4]. An additional species, P. knowlesi, is a
simian malaria parasite that is usually found in long-tailed and pig-
tailed macaques. However, zoonotic human infections have been
reported in Southeast Asia [5]. Malaria treatment success relies on
prompt diagnosis and recommendations of the most appropriate
treatment regimen. Artemisinin-based Combination Therapy (ACT)
is recommended by the WHO for the treatment of uncomplicated
P falciparum malaria and ACT or chloroquine is recommended
for P. vivax, P ovale, P. malariae and P. knowlesi malaria infections.
Primaquine is recommended to prevent the relapse of P vivax
and P ovale infections. These recommendations are modified
for special groups such as pregnant or lactating women, patients
with other comorbidities, individuals with Glucose-6-Phosphate
Dehydrogenase (G6PD) deficiency individuals and young children
and infants [6]. Malaria is a febrile illness and clinical symptoms
of uncomplicated malaria include fatigue, headaches, muscle aches,
malaise, abdominal discomfort, fever, nausea and vomiting [7].
Specific diagnostic methods are needed to differentiate between
malaria and other febrile illnesses. An early diagnosis of malaria can
prevent further progression and lower the severity of the disease.
This is especially critical for children under five years of age who
accounted for about 67% of the deaths in 2018 due to severe malaria
worldwide [1]. For the most effective treatment of malaria, it is
important to know the species of Plasmodium a person is infected
with and the parasitic burden in the blood. Accurate, prompt and
affordable diagnostic tools are also vital for tracking successes
or drawbacks of control and elimination efforts, and for future
programs aimed at global malaria eradication. Active surveillance
of disease in each geographical area is essential for a program to
succeed. The WHO Global Technical Strategy for Malaria aims, by
2030, to reduce malaria case incidence and mortality rates globally
by 90%; to eliminate malaria from 35 countries in which malaria
was transmitted in 2015; and to prevent the re-establishment of
malaria in all countries that became malaria-free [8]. These targets,
though ambitious, are important to set to challenge and remind the
world that malaria is an important public health problem in need
of serious and expanded efforts. Even with the existing challenges,
several countries have succeeded in eliminating malaria. Countries

such as Algeria, Argentina, Paraguay, Sri Lanka and the Maldives have
been declared malaria-free by WHO in recent years [2]. This shows
that with appropriate programmatic approaches, malaria incidence
can be substantially reduced. The goal of eradicating malaria by
2050 set by the Lancet commission [9] is an ambitious feat and
may be possible only if all stakeholders are equally committed to
the goal of eradication. The Lancet commission also emphasized
the importance of ultrasensitive Rapid Diagnostic Tests (RDTs) as
essential tools in the identification of asymptomatic infections and
infections in pregnant women, and the need for novel diagnostic
tools that do not require a finger-prick blood sample [9].

Current Malaria Diagnostic Options
Microscopy

The microscopic examination of thick and thin blood films is a
“gold standard” test that is used to detect parasitemia in the blood
and guide appropriate treatment. A drop of blood is collected from
a patient via a finger stick or venipuncture. When venipuncture is
used for blood collection, it is suggested that the blood is spread
onto a slide immediately after collection to prevent prolonged
exposure to anticoagulants in the collection tube that may alter
parasite morphology [10]. Thick smears are more sensitive and
involve placing one to two drops of blood on a slide in a circle. The
red blood cells are lysed and the various malaria parasite blood-
stages, trophozoites, gametocytes and schizonts are released. Thin
smears are used to detect the morphology of the parasite species
and are prepared by spreading a drop of blood across a slide to
create a feathered edge that contains a single layer of cells [10].
The slide was stained with the Giemsa stain and examined using
an Olympus bright-field microscope (BH-2, Tokyo, Japan) (100x
oil immersion) by a trained laboratory personnel. The sensitivity
and specificity for this method is 95% and 98%, respectively when
Polymerase Chain Reaction (PCR) is used for comparison [11].
The limit of detection for this method is approximately 50-200
parasites per pL of blood [12,13]. A skilled laboratory personnel
is able to quantify parasitemia in a blood smear in about 60 min.
excluding the cost of labor and obtaining a microscope, each test
costs approximately $0.12-$0.40 [13]. Advantages and Limitations
a blood film examination under a microscope allows for the
identification of parasitemia percentage, parasitic morphology, and
speciation. This method requires trained personnel and sensitivity,
and specificity may vary based on the skill of personnel. The time
it takes for parasitemia detection and quantification is long and
may lead to a delay in treatment. The limit of detection is also not
ideal, because sub-microscopic asymptomatic individuals with low
parasitemia remain undiagnosed and untreated, and also enables
the transmission cycle to continue in the community.

Rapid Diagnostic Test (RDT)

RDTs are designed to detect antigens and they involve the use of
an immunochromatographic strip where the blood is dropped into
one end and the results are depicted by lines on the strip surface
[14]. Three types of antigens have been employed in this method,
Plasmodium histidine-rich protein (HRP) 2 (pHRP-2), Plasmodium
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Lactate Dehydrogenase (pLDH), and Plasmodium aldolase. pHRP-2
is specific to P, falciparum, while pLDH and Plasmodium aldolase are
found in all species [15]. More than 90% of commercially available
RDTs target pHRP-2 [16]. Antibodies immobilized on the surface
of the test strip detect these parasitic antigens when the blood
and buffer mixture migrate across it. Each RDT contains a positive
control to indicate the validity of the test. Currently available
species-specific RDTs are only able to identify P. falciparum and P
vivax species [17]. For other species, the RDT is only able to indicate
the presence of the parasite alone without speciation. The WHO, in
collaboration with the Foundation for Innovative New Diagnostics
(FIND) and the Centers for Disease Control and Prevention, and
other partners, conducted a review of various commercially
available RDT brands. The WHO selection criteria for procurement
of RDTs are used to evaluate each brand, and performance is
noted with a panel detection score [18]. The WHO recommends
proactive and reactive post-market surveillance to ensure that
each lot deployed for use is up to standard [19]. The sensitivity of
RDTs ranges from 85% to 94.8% and the specificity ranges from
95.2% to 99% [13,20,21]. The limit of the detection is comparable
to that of microscopy, 50-100 parasites per pL of blood, and trained
personnel can produce results in 15 to 20 min from the time of
blood collection [12]. RDTs are relatively affordable with each
test costing about $0.85 [11]. An ultra-sensitive rapid diagnostic
test is currently under development and could have the potential
for up to 10-fold better detection limit than that of currently used
RDTs and can detect the incidence of the disease up to a day and
a half sooner [15]. Advantages and Limitations RDTs represent
a fast and affordable method for malaria diagnosis [7]. RDTs are
easy to deploy in resource-limited and hard-to-reach settings. The
personnel training required is much less intensive as compared to
microscopy and PCR. Community health workers can perform the
test in their communities and then prescribe treatment or refer
patients to healthcare centers. False negatives are becoming more
common due to parasites with pHRP-2 gene deletion and prozone
phenomenon in patients with high parasitemia [14]. RDTs may
be unable to keep up with the ever-evolving nature of the malaria
parasite and its changing epidemiology. The RDT method does
not allow for the quantification of parasitemia and consequently
monitoring therapy effectiveness is difficult. It can also result
in false positives because it detects pHRP-2 which can remain in
the blood up to 30 days after treatment and effective elimination
of active infection [14]. The limit of detection does not allow for
the identification of asymptomatic carriers, and the variation in
the performance of different RDT brands could lead to decreased
reliability of the method.

Polymerase Chain Reaction (PCR)

PCR-based methods identify the presence of malaria target
genes in a blood sample. There are various modifications of this
test including, nested conventional PCR, multiplex real-time PCR
and reverse transcriptase PCR [22]. Most of these methods target
genes on the 18S rRNA of the malaria parasite [11]. PCR-based
tests can be used for initial testing of suspected malaria cases and

parasite species; however, microscopy is often used to quantify
parasitemia. PCR-based tests are uniquely useful to identify
asymptomatic and submicroscopic patients that microscopy and
RDTs miss. The sensitivity and specificity for the various PCR type’s
ranges from 98% to 100% and 88% to 94%, respectively when
microscopy was used as the gold standard [23-25], and the limit
of the detection is 0.5-5 parasites per pL of blood [11]. The test is
typically completed in two hours, and apart from the initial cost of
an expensive thermocycler and other equipment, each test costs
$7 to $8 [21]. Advantages and Limitations The PCR-based methods
are particularly useful in parasite detection in individuals with low
parasite burden. The sensitivity and specificity are higher than that
of RDTs and microscopy. PCR-based methods require the acquisition
of a thermocycler which may be a financial hindrance for resource-
limited settings to adopt the method. It also needs highly skilled
personnel to perform the test and is not feasible for use in field
settings. The PCR method also does not provide an easy method of
estimating parasite burden that is often used by clinicians to make
treatment decisions.

Novel Malaria
Development

Diagnostic Options under

Loop-Mediated Isothermal Amplification (LAMP)

LAMP is a relatively newer method for nucleic-acid
amplification first described in 2000, and further modified for
ease of visualization of amplified products using a fluorescent or
colorimetric dye such as calcein and Hydroxy Naphthol Blue (HNB)
respectively [25,26]. Unlike PCR, the LAMP procedure can be
carried outin a 65 °C bath or a heat block for 30 to 60 min [21]. The
sensitivity of LAMP ranges from 98.3% to 100% and specificity from
94.3% to 100% when compared to microscopy [26]. Commercially
available test kits target the 18S rRNA of the malaria parasite, just
like PCR [27]. LAMP performed with mitochondrial DNA targets
has also been shown to have greater sensitivity and takes less time
than that of 18S rRNA [27]. The limit of detection for this method
is 1-5 parasites per pL of blood and the cost per test is estimated
to be around $5.31 [21]. Advantages and Limitations the limit of
detection by LAMP is comparable to that of PCR because they are
both in the range of 0.5-5 parasites per uL of blood. It is faster than
PCR and the results can be assessed visually without the need
for any expensive thermocycler. However, the method requires
moderately skilled personnel and has a complex primer design.

Nucleic Acid Sequence-Based Amplification (NASBA)

NASBA is a diagnostic method that involves the use of three
enzymes, reverse transcriptase, T7 RNA polymerase, and RNase H,
to amplify RNA targets in a double-stranded DNA background [21].
The RNA target, such as 18S RNA, is copied into complementary
DNA (cDNA) using reverse transcriptase and then the cDNA is
amplified using T7 RNA polymerase [11]. It does not require the
use of a thermocycler because the reaction can be carried out at
41 °C resulting in more than 108-fold amplification of the target
RNA sequence. The sensitivity of the method when compared to
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microscopy ranges from 97.40% to 100% while the specificity
ranges from 80.90% to 94% [21]. The limit of detection is 0.01-
0.1 parasites per pL of blood. The test is estimated to take about
one hour to complete and costs between $5 and $20 per test [11].
Advantages and Limitations NASBA, like LAMP, does not require
a thermocycler and has a very low limit of detection. However, it
requires extensive training of personnel to ensure the reliability of
the results and the cost per test is much higher than other methods.

Isothermal Thermophilic
Amplification (tHDA)

Helicase-Dependent

In tHDA, the double-stranded DNA is separated by helicase
and single-stranded DNA-binding proteins are attached to the
separated strands. Specific primers bind to the strands and DNA
polymerase synthesizes new strands, and the test is performed
at 65 °C for about two hours [21]. In the application of tHDA for
malaria diagnosis, the 18S rRNA gene is amplified from whole blood
directly without heat denaturation or nucleic acid amplification.
Probes labeled with either Fluorescein (FAM) or Digoxigenin
(DIG) hybridize to the amplicon and the amplification product is
detected with a lateral-flow strip that contains anti-FAM or anti-
DIG antibodies. The sensitivity and specificity of this method are
96.6% and 100%, respectively when microscopy is used as the
gold standard [28]. The limit of detection is 200 parasites per pL of
blood and the results can be obtained in one to two hours [21,28].
Advantages and Limitations the tHDA method does not require the
use of a thermocycler so the cost may be more affordable than PCR.
In addition to its more affordable cost, whole blood can be used
directly without any manipulation, hence simplifying the method.
However, the limit of detection is higher than in any other nucleic
acid-based methods. Although the method requires minimally
trained personnel, the higher limit of detection is not suitable to
detect malaria in patients with the low parasitic burden.

Saliva-based test with nucleic-acid amplification

This saliva-based malaria diagnosis involves the detection
of a Plasmodium gene, 18S rRNA, or P. falciparum dihydrofolate
reductase gene in saliva using a Nested-Polymerase Chain Reaction
(n PCR). An n PCRinvolves the same procedure as conventional PCR
but uses two primer sets and has two successive PCR steps. The
product from the first PCR reaction serves as the template for the
second reaction [29]. A thermocycler is required for the procedure,
and nucleic acid has to be extracted first from the saliva sample
before n PCR is performed. The sensitivity and specificity of this
method range from 86.36% to 95%. The specificity ranges from
93% to 98.4% when compared with microscopy [29,30]. The limit
of detection for this method is 1-10 parasites per pL of blood [31].
Advantages and Limitations Saliva-based tests are noninvasive and
require less training for health personnel for sample collection.
However, the method still involves the use of PCR, and health
personnel will need advanced training on the actual PCR protocol.
The procedure takes approximately six hours to complete, so this
can be a major hindrance to its implementation. It can be estimated
that the cost of the test will be similar to that of a blood-based PCR

test since it requires two PCR reactions using a thermocycler.
Saliva-based plasmodium protein detection

This saliva-based test detects the presence of specific
Plasmodium proteins in the saliva of an infected person even
before symptoms begin. A study conducted in Nigeria [32] used a
commercially available kit, Opti MAL-IT dipstick (RDT), to detect p
LDH in the saliva of children. The sensitivity of the test using whole
saliva was 77.9% [32]. However, a study in Mali [33] reported
a higher sensitivity of 97.2% and a specificity of 95.4% when
compared to microscopy [33]. The limit of detection for this method
is high at about 1000 parasites per pL of blood. In a separate study
[34] conducted in Cameroon, Zambia, and Sierra Leone, a prototype
Lateral-Flow Immuno Assay (LFIA) was developed to detect the
presence of PSSP17 protein, a female gametocyte protein that is
presumably more abundant in saliva samples. The result is visible
through the use of a handheld ultraviolet light-emitting diode
flashlight. When the flashlight is used on the test strip, fluorescence
is emitted and visible to the naked eye. The limit of detection for
the method ranges from 1 to 10 gametocytes per uL of blood [34].
The test can be completed between 3 and 30 min. The approximate
sensitivity of the method in symptomatic patients was 83% (95%
CI, 61 to 95) when compared to PCR as the gold standard [34-38].

Advantages and Limitations the saliva-based diagnosis is
noninvasive and the p LDH method employed is similar to that of
blood-based RDTs. The sensitivity varies and test results need to
be confirmed using microscopy. The limit of detection is also too
high, and more research needs to be carried out to improve it to
an acceptable range. It has the potential to be used not only for
the diagnosis of symptomatic patients but also for asymptomatic
carriers. This may be especially advantageous for control programs
to identify and treat carriers of the parasite contributing to malaria
transmission. The sensitivity of the test is comparable to that of
current RDTs. Although the test is not yet commercialized, it can be
estimated that the cost will be comparable to that of current blood
based RDTs. Like blood based RDTs the test is not quantitative
and will not be useful for determining parasitemia percentage in
patients.

Urine-based malaria test

Urine malaria tests involve the detection of Plasmodium protein
pHRP-2. A commercially available test, known as the Urine Malaria
Test (UMT), involves dipping the test strip into a urine sample for
two minutes, followed by incubation for twenty minutes [39]. Just
like the commonly used RDT, a positive result is indicated by dark-
colored lines on the test strip. However, the differentiating factor is
that this method does not involve a finger stick and can be carried
out non-invasively. Multicenter clinical trials conducted in Nigeria
with febrile and afebrile patients, using the UMT, have confirmed
the sensitivity and specificity of the method to be 79% and 89%,
respectively when compared to the BinaxNOW Malaria Test kit. The
sensitivity and specificity increased to 93% and 83%, respectively
when used among febrile children under five years old [35]. The
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limit of detection for this test is 125 parasites/pL, and each test
costs about $1.50 [13,36]. Advantages and Limitations The urine-
based malaria test is relatively affordable and does not require
expensive equipment or highly trained personnel. The limitation of
this test is that it only detects pHRP-2 from P, falciparum parasites.

Transdermal hemozoin detection

This method involves the detection of hemozoin-generated
vapor nanobubbles using an ultrasound sensor. Hemozoin is the by-
product of hemoglobin digestion by blood-stage malaria parasites.
A short laser pulse administered to blood vessels through the skin
localizes heat and evaporates the liquid around the hemozoin
crystals. This liquid evaporation creates expanding and collapsing
small-sized vapor nanobubbles inside the malaria parasite [37].
After the laser is activated, the probe can detect an acoustic pulse
and generates an electrical signal as an acoustic trace. A patient with
confirmed malaria was tested using the prototype, and hemozoin-
generated vapor nanobubbles were detected. The short laser pulse
administered is skin-safe and the test is estimated to take only a
few seconds to perform and can detect 0.00034% parasitemia [38].
Since hemozoin clears from the blood within nine days, compared
to pHRP-2 which is cleared only after several months, this method
is expected to produce few false-positive results [40].

Advantages and Limitations The main advantages of this
method are that it is non-invasive, requires no reagents and the
results can be obtained within seconds. The method has a very low
limit of detection and may potentially detect subclinical carriers
which is helpful for disease surveillance. Highly trained personnel
will be needed for the initial deployment of the method in both
clinical and field settings. Researchers estimated that a battery-
powered device will cost about US $15,000, however, the cost of a
single test could be lower than that of RDTs because a single device
can be used for a larger number of patients [38]. Skin color has also
been found to impact the results of the test and more studies are
needed to address this issue. In addition, there is a need for further
studies to determine the safety of extended laser application, even
at low pulses, to the skin.

Conclusions and Recommendation

Although current diagnostic methods in use are not all perfect,
they continue to play important roles in dealing with the current
global malaria situation and decreasing the incidence of malaria.
Numerous innovations continue in developing additional invasive
as well as noninvasive and specific methods. Diagnostic tools are
critical in ensuring that each patient receives the appropriate care.
Currently used methods such as microscopy, RDTs, and PCR are
not being utilized to their full capacity due to several barriers and
limitations, such as cost, trained personnel, access to equipment,
and unreliable electricity. In addition, not every febrile person is
seen by a clinician, and they usually rely on self-medication using
antimalarial drugs purchased from local pharmacies or retailers
without a proper diagnosis and a prescription. This overuse and
over-prescription of drugs are likely contributing to the emergence

of anti-malarial-resistant Plasmodium parasites. The “test and
treat” strategy needs to become the norm everywhere to impede
the emergence of drug resistance. RDTs, although not perfect, have
the potential to resultin a reduction of malaria incidence in endemic
areas due to their ease of use and low cost. As disease incidence
decreases and asymptomatic infections become more prevalent,
RDTs will no longer be useful in tracking submicroscopic carriers
due to their limited detection. Therefore, there will have to be a shift
to implementing more sensitive and specific methods with lower
limits of detection to diagnose and treat asymptomatic carriers.
Interventions, such as providing malaria posts to every community
to enable the diagnosis of febrile patients by a community health
worker, have been shown to reduce malaria incidence if carried out
properly. Malaria cases need to decline to reduce under-five and
maternal mortality and achieve the United Nation’s sustainable
development goal. It will be important to build trust between
communities and health workers and to ensure hospitals and
pharmacy retailers adherence to recommendations based on test
results. This will require a multi-sectoral approach and political
will to advocate for the implementation of control and elimination
strategies. Further considerations are warranted for placing RDTs
in pharmacies, drug shops, or malaria posts on one hand, and to
educate people in seeking prompt treatment rather than alternative
remedies to avoid hospital-based treatment on the other. Finally,
the control of malaria continues to be challenged by the ubiquitous
nature of the mosquito vector, widespread insecticide resistance,
ever-threatening anti-malarial drug resistance, and the lack of an
effective vaccine. Sensitive and accurate diagnosis and prompt
treatment will continue to play a critical role in controlling malaria
while other approaches become available to meet the challenge of
malaria elimination. Other key requirements to achieve the goal
of a malaria-free world will also rely on: (1) the recognition of
trained community health workers paid fair wages as recognized
members of the health system, (2) the establishment of malaria
posts in endemic communities to provide access to diagnostics and
treatment for those in hard-to-reach locations, (3) making RDTs
available in local pharmacies and retail shops in resource-limited
settings, (4) integrating malaria control programs into other
disease programs of an individual country, and (5) political will for
the long-term commitment of national financial resources [41-48].
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