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Malaria, the disease 

Malaria is caused by the protozoan parasite Plasmodium that is transmitted to 

humans via the bite on an infected female Anopheles mosquito [1]. Four 

Plasmodium species can infect humans and cause disease; i.e. P. falciparum, P. 

vivax, P. ovale and P. malariae. P. falciparum is the most pathogenic species and 

this parasite is highly prevalent on the African continent [1,2]. Malaria is one of 

the leading parasitic diseases in the world causing 200-300 million clinical cases 

and over 1 million deaths each year, especially in children under five years of age 

[1-4]. Pregnant women are another risk group with high morbidity as a 

consequence of P. falciparum infection. Around 25 million women living in Sub-

saharan Africa in areas with stable malaria transmission become pregnant each 

year [5] and malaria is estimated to cause at least 10.000 maternal deaths each 

year and results in 100.000 infant deaths due to low birth weight associated with 

malaria in pregnancy [6,7]. In general, the disease burden is almost 50 million 

disability adjusted life years [8]. Furthermore, malaria endemic countries are not 

only poorer than non-malarial countries, but they also have a lower economic 

growth rate; i.e. 1.3% lower in countries with intensive malaria transmission 

compared to countries without malaria [9].  

The field work described in this thesis was performed in eastern Africa because 

of the high prevalence of P. falciparum infection in that area. The work mainly 

involved children as they are the most vulnerable risk group.  

Malaria has a large variety in clinical presentation and severity of the disease. 

The symptoms of a mild infection are general, with fever as the main 

characteristic and can be combined with symptoms like headache, myalgias, 

arthralgias, weakness, vomiting and diarrhea. Other clinical features include 

splenomegaly, anemia, thrombocytopenia, hypoglycemia and pulmonary or renal 

dysfunction. In severe infections neurological damage coma and even death can 

be caused by rosetting of the red blood cells, leading to impaired microvascular 

blood flow in the brain, and the release of cytokines such as TNF-� which can in 

turn trigger the release of harmful substances such as nitric oxide that damage 

the brain [1,3,10, 11]. 
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Malaria, its discovery 

In 1880 a French military doctor Alphonse Laveran published a note at a meeting 

of the Académie de Médecine in Paris, describing “New Parasite Found in the 

Blood of Several Patients Suffering from Marsh Fever.” [12] This was the first 

official report describing Plasmodium parasites. Laveran worked in Algeria at 

different military hospitals and during his time malaria was a serious health 

problem for the soldiers. Even though previous theories argued that malaria was 

caused by bad air (Italian: mala=bad aria=air) Laveran, fueled by Pasteurs 

finding that most infectious diseases were caused by microbes, believed that 

there was another causative agent. Although Laveran could not establish a 

relationship between clinical or anatomical features, he did  discover the 

presence of granules of black pigment in the blood [12,13]. These pigmented 

granules occurred at very different frequencies depending on the cases. Laveran 

concluded that these pigmented granules were specific to malaria and that they 

originated in the blood. He made several other observations but at the 6th of 

November 1880 he examined the blood of a patient that had been ill for 15 days. 

He saw “on the edges of a pigmented spherical body, filiform elements which 

move with great vivacity, displacing the neighboring red blood cells.” The motility 

of these elements immediately convinced Laveran that he had discovered the 

agent causing malaria and that it was a protozoan parasite. Nevertheless, it took 

him almost 10 years to convince the scientific community of the causative agent 

of malaria. Laveran made drawings of what would be the first picture of the 

malaria causing parasite Plasmodium (fig1.1) [12,13].  

 

Malaria: life cycle of Plasmodium falciparum  

P. falciparum is the most prevalent species and causes the highest number of 

casualties, therefore this chapter is focused on the description of the life cycle of 

this species of the Plasmodium genus (fig 1.2). The parasite is able to 

successfully infect humans as well as its vector, the female Anopheles mosquito. 

When a person is bitten by a an infected mosquito, sporozoites are injected into  
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Figure 1.1 

Drawings of the different stages of Plasmodium falciparum as observed by Laveran in the blood 

of his patients suffering from malaria.  

 

http://www.cdc.gov
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the blood stream. The sporozoites are transported to the liver where they invade 

the liver cells (exo-erythrocytic cycle). In the liver cells the parasite multiplies and 

develops into a schizont. When the schizonts are mature, they rupture and the 

parasites are released into the bloodstream again where they are able to invade 

red blood cells (erythrocytic cycle). In the red blood cells maturation occurs and 

again, by forming schizonts and releasing the merozoites, the red blood cells are 

ruptured which gives rise to the clinical symptoms in the patient. This cycle is the 

so called asexual cycle of the parasite. The released merozoites can continue the 

asexual cycle by invading other red blood cells [2,11].  

 

 

  
 

http://www.dpd.cdc.gov/DPDx/HTML/Malaria.htm 

 

Figure 1.2:  Schematic representation of the Plasmodium lifecycle in man and mosquito. 

For explanatory notes see the main text.  
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Alternatively, instead of maturing into schizonts, the merozoites can also mature 

into the sexual stages of Plasmodium, the gametocytes. The lifecycle in the 

human body is however arrested in the gametocyte stage. The cycle can be 

continued by another blood meal of the mosquito in which the gametocytes are 

transmitted (sporogonic cycle). After fertilization in the mosquito ookinetes are 

formed which can develop subsequently into oocysts. After maturation, the 

oocysts release the infectious sporozoites that migrate to the salivary gland of the 

mosquito where they wait to be transmitted to another human and make the cycle 

complete [2,11].  

 

Malaria control: prevention, diagnosis and treatment 

Key features in controlling malaria are vector control, prevention (e.g. insecticide 

sprays, bed nets, prophylaxis), and treatment.  

In the absence of an effective vaccine these features will still be the most 

important tools in combating malaria [14]. However, the use of affordable anti-

malaria drugs, like chloroquine (CQ) and sulfadoxine-pyrimethamine (SP), is 

severely hampered, because P. falciparum has become resistant to the action of 

these drugs [15,16]. This has prompted the need for alternative treatment and 

nowadays artemisinin based combination therapy (ACT) is recommended. ACT 

uses a combination of drugs, one of which is an artemisinin derivative and a 

partner drug with a longer half life [17]. ACT has several advantages over 

previous therapies. They are, at present, effective in treating malaria patients and 

the combination of two drugs should prevent the parasites of becoming resistant. 

In order to effectively and not unnecessarily treat patients, proper diagnosis is 

essential [18]. Although several diagnostic tools are currently available (e.g. 

microscopy, rapid diagnostic tests, molecular tools), all have their shortcomings 

[19,20]. This thesis describes the development of new tools for the diagnosis of 

Plasmodium infections. In addition it shows the advantages of having tools that 

not only are able to diagnose patients but also enable research towards the 

dynamics of parasites when they are challenged in vivo with different drugs. 
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Diagnosing malaria 

Malaria is a global health problem and although it mainly affects the poorer 

regions of the world the disease can be encountered in the developed world as 

well, mainly as so called imported or travel malaria [21]. This fact makes the 

subject of good diagnosis a worldwide issue. The capabilities of proper 

diagnosing are however not universally distributed. When discussing diagnostic 

methods and its advantages and drawbacks it is important to keep this in mind 

since the applicability of diagnostic methods largely depends on the resources 

available in a certain place [19-22]. Malaria in the developed world is not endemic 

anymore and therefore diagnosis possesses its own problems. Laboratories are 

well equipped but do not encounter the disease regularly which could lead to not 

recognizing the Plasmodium parasite in a clinical sample [22]. In the developing 

world the disease is encountered very frequently but resources are often lacking 

[24]. The section below describes the most commonly used methods for 

diagnosing malaria and although the principles of diagnosing are universal, the 

applicability of each method and its use will be discussed from a “developing 

world” perspective. In this point of view issues such as user friendliness, price 

and malaria associated problems such as semi-immunity and low parasite 

densities are of major importance [19-24].  

 

Clinical diagnosis 

In many parts of the world the diagnosis malaria and the subsequent treatment 

will be made without a laboratory test and the physician will often rely on the 

clinical symptoms of the patient [4,24,25]. Although malaria has several 

characteristic features such as intermittent fevers and typical symptoms, 

presumptive diagnosis is very unspecific and often confused with other diseases 

like respiratory tract infections or typhoid fever. In areas of high endemicity, fever 

in children is often regarded and treated as malaria [10,18,25]. Although in some 

areas and during high transmission seasons this may be the case for a large 

proportion of children, this also means that in a large proportion of patients other 

diseases causing a fever are not treated as such and unnecessary anti-malarial 
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drugs are given instead [10,14]. In the light of wide spread drug resistance 

against affordable drugs and changing of drug policies towards expensive ACTs 

the importance of laboratory confirmed diagnosis is evident.  

 

Microscopy 

Microscopy has been used since the time of Laveran to diagnose malaria in the 

blood of an infected patient. The method relies on the microscopic identification 

and morphological determination of the parasite in, usually Giemsa or Leishman 

stained, thin and thick films [20]. The method has several advantages above 

other methods such as the ability to differentiate between the different species, 

that is important in determining the treatment of a patient, and differentiation 

between asexual and gametocyte stages which also has consequences for the 

treatment. In many areas patients are gametocyte carriers but do not harbour 

asexual parasites and are therefore often not treated [26,27]. Another advantage 

of microscopy is the ability to quantify the parasitaemia, which is an important 

indicator for the clinical outcome [21]. In addition, microscopy allows for an easy 

identification of blood abnormalities [19-21]. However, this method has its 

disadvantages as well. Microscopy can be very sensitive but under normal field 

conditions an expert microscopist can only reach a sensitivity of 100 parasites/ �l  

blood  in a thin smear and 40-50 parasites/�l blood in a thick film [22]. 

Other obstacles are maintenance of microscopes, electricity and the relatively 

long processing, staining and reading time that is required. To overcome some of 

these obstacles methods such as Field’s stain, that give very good quality slides 

and are much faster to stain, have been developed [19-21,28]. Adjustments of 

microscopes towards battery powered systems have enabled microscopy 

diagnosis to be performed where no electricity is available [29]. To circumvent 

the need of highly trained and experienced laboratory personnel staining with 

acridine orange has been introduced which stains the parasites that are easily 

recognized under a fluorescent microscope [30,31]. Quantitative Buffy Coat 

(QBC) is also based on acridine orange staining in a microcentrifuge tube 

[20,30,32,33]. The parasites can be easily seen under an ultraviolet light. Albeit 
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easy to perform, these methods are very expensive and require additional 

equipment to the traditional microscope [31,33]. Furthermore, QBC is, under field 

conditions, just as sensitive as conventional microscopy but species identification 

and quantification is not possible with this technique making Giemsa stain the 

optimal method for microscopy diagnosis [30]. 

 

Rapid Diagnostic Tests  

In recent years, a variety of rapid diagnostic tests (RDTs) has been developed to 

overcome the limitations of microscopy [19,20,34]. These tests are fast, easy to 

perform and do not require electricity or specific equipment and cost currently, 

depending on the manufacturer and/or supplier, around Euro 2.0/test [19,34]. 

RDT’s are immunochromatographic lateral flow assays and are based on the 

recognition of Plasmodium antigens circulating in the blood of the patient [34,35]. 

Few targets have been used in commercialized RDT’s, i.e. parasite specific 

aldolase, parasite lactate dehydrogenase (pLDH) and histidine rich protein-2 

(HRP-2) with the latter two most frequently used [36]. HRP-2 is a water soluble 

antigen that is present during the whole erythrocytic cycle of the parasite [37,38]. 

It is a very specific antigen but has a drawback that the antigen persists for at 

least a week after treatment making follow-up monitoring and recognition of 

resistant parasites difficult [35,39]. In contrast, pLDH, a metabolic enzyme that is 

actively produced during the growth of the parasite in RBCs, is cleared rapidly 

after the patient is successfully treated and is used in several RDT’s [36]. The 

pLDH tests are less sensitive than the HRP-2 based tests [40]. In a study 

performed in Uganda the sensitivity of HRP-2 based tests was 92% whereas 

LDH based tests had a sensitivity of 85% [39]. These differences were mainly 

due to the ability of HRP-2 tests to detect lower parasite densities. On the other 

hand HRP-2 based tests are prone to give false positive signals in patients with 

rheumatoid factors, and patients that recently have cleared a Plasmodium 

infection [39, 40]. Several studies including the study in Uganda [39] found 98-

100% specificity for LDH-based tests and 90-93% specificity for HRP-2 based 

tests. This lower specificity is primarily due to the persistence of antigens after 
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parasite clearance. In general RDTs can detect around 100 parasites/μl but at 

lower parasitaemia their sensitivity decreases, making these tests unsuitable for 

patients with low numbers of parasites [41]. Another drawback is the lack of 

stability of the tests under tropical conditions and their inability to discriminate 

between the different species of Plasmodium although some recently developed 

tests are able to distinguish between P. falciparum and non-falciparum infections 

[42]. Despite their shortcomings, in areas where microscopy is unavailable or in 

situations where it is difficult to perform microscopic slide examinations, such as 

emergencies or during the night, RDTs can be very useful [43]. An additional 

advantage of RDTs may be the detection of HRP-2 in pregnant women that have 

placental malaria that can not be detected by microscopy in the peripheral blood 

[44]. 

 

Molecular methods 

The application of molecular techniques circumvents the limitations of 

conventional malaria diagnosis [45,46]. Polymerase Chain Reaction (PCR) based 

assays are sensitive and can be converted to a quantitative format if SYBR green 

or molecular probes (e.g. a Taqman probe or a molecular beacon) are used in 

real time assays [47,48,49]. Other applications, such as the identification of drug 

resistant strains [50], make these techniques very suitable for epidemiological 

[51] and vaccine [52,53] studies as well. However, molecular techniques are not 

routinely implemented in developing countries because of the complexity of these 

test and the lack of resources to perform these tests adequately and on a routine 

basis [54]. Major obstacles are the need for continuous supply of electricity and 

complex apparatus like PCR machines. Furthermore, the analysis of the end 

product (amplicons) involves the handling of labour intensive read-out systems 

such as electrophoresis systems that use very toxic ethidium bromide stained 

gels and hazardous UV light transilluminators. These read-out systems are 

expensive and require well organised laboratories [55]. Nevertheless, many see 

the potential of these highly sensitive techniques and therefore possibilities to 

overcome the above mentioned limitations are explored [56]. Isothermal 
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reactions such as Loop-mediated isothermal amplification (LAMP) [57], 

exponential amplification reaction (EXPAR) [58], or Nucleic Acid Sequence 

Based Amplification (NASBA) [59] circumvent the use of expensive and 

maintenance dependent thermocyclers and might be an alternative for PCR 

methods [56]. This thesis describes the exploitation of one of these techniques; 

NASBA, as a simpler but equally sensitive method for nucleic acid detection. It 

also describes a first step towards a simplified detection method for nucleic acid 

detection as an alternative to expensive real-time systems and/or ethidium 

bromide stained gels; the Nucleic Acid Lateral Flow Immuno Assay (NALFIA). 

 

Nucleic Acid Sequence Based Amplification  

Nucleic acid sequence based amplification (NASBA) is a technology which uses 

the activity of three enzymes (AMV-RT, RNase H and T7 RNA polymerase) for 

the isothermal amplification of RNA molecules [54,59]. The low reaction 

temperature (41 0C) and the addition of a T7 polymerase sequence on one of the 

added primers ensures the amplification of only single stranded RNA [54,59]. The 

reaction does not require a DNA denaturing step hereby preventing amplification 

of genomic DNA in case of contamination. Therefore, NASBA can be performed 

in a background of DNA in a sample and, in addition, allows easy detection of 

stage specific expressed genes (e.g. Pfs25 for the specific detection of the 

gametocyte stage of P. falciparum [60]). Moreover, with some technical 

adaptations and appropriate controls, NASBA can be used in a quantitative 

format to determine the number of infectious agents in a clinical sample [61]. The 

technique has been successfully applied for the detection and quantification of 

several infectious agents such as HIV-1 [62], Hepatitis viruses [63], respiratory 

syncytial virus [64],� Leishmania spp [65], and dengue [66]. NASBA has also 

proven its value in several areas of malaria research, because this highly specific 

and sensitive technique also allows for quantification of very low parasite 

densities [60,67]. These properties make NASBA a very effective tool for 

epidemiological studies [68,69], monitoring of drug resistance [70] and the 

analysis of parasite dynamics even at sub-microscopical level [68,69,71]. 
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Furthermore, quantitative NASBA has proven to be very well suited to monitor 

treatment efficacy in malaria [70,71] as well as other parasitic diseases, such as 

leishmaniasis [72]. These assays have shown to be even more sensitive than 

other molecular techniques such as PCR or RT-PCR [61,73]. Quantification of P. 

falciparum in a sample using 18S ribosomal RNA (18S rRNA) as a target can still 

be achieved with as little as 10 parasites/ ml of blood [61,67]. This thesis 

describes two methods for the detection of the NASBA amplicons. The sensitive 

but time consuming electrochemiluminescence (ECL) which detects the 

amplicons after amplification (end-point detection) and the real-time quantitative 

(real-time QT-NASBA) that can be achieved by adding a molecular beacon to the 

sample which enables even faster results with less handling steps than the ECL-

NASBA and measures the amplicons during amplification. Although the 

amplification itself can be performed in the field, the detection limits its 

applicability and can only be performed in well equipped laboratories.  

 

Nucleic Acid Lateral Flow Immuno Assay 

Nucleic Acid Lateral Flow Immuno Assay (NALFIA) is a simple test format that 

can be used for the visualization of nucleic acids after amplification [74-76]. This 

simple read out system has been successfully applied for the detection of food-

borne pathogens such as Bacillus cereus and Salmonella [77]. This assay 

combines the lateral flow assay, that is widely known for its serological 

applications like the above mentioned RDT’s, with the detection of labeled 

nucleic acid-amplification-products on a nitrocellulose stick (fig. 1.3). The 

nitrocellulose is coated with specific antibodies that capture the amplicons which 

are labeled with specific primers that contain a biotin molecule and a hapten. This 

complex is detected by direct hybridization with a colloidal, avidine labeled 

carbon particle and shows a product line if the sample is containing the product. 

The combination of the proven successful methods of lateral flows assays and 

molecular tools can overcome the need for expensive or laborious read out 

systems when performing assays such as PCR [76,78]. In this thesis the 

development and evaluation of a NALFIA for the detection of Plasmodium 
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amplicons after PCR is described and shows its potential to be used under field 

conditions where laboratory facilities are limited. 

 

Figure 1.3: Schematic representation of NALFIA  
During PCR the targeted template is labelled by two specifically labelled primers (e.g. with 

digoxigenin and biotin). After amplification the product is incubated with colloidal, neutravidin 

labelled carbon nano-particles. The nitrocellulose dipstick is coated with specific antibodies that 

capture the Dig-label of the amplicons and with biotinylated goat-anti-mouse IgG that will capture 

free carbon nanoparticles (control line). The amplification complex is detected by direct 

interaction and shows a product line if the sample is containing the template. Carbon 

nanoparticles not specifically captured will bind to the biotinylated Goat Anti-Mouse IgG at the 

control line and check the assay performance. If no amplification took place or no template is 

present than only the control line will be visible.  
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Aim and outline of this thesis 

This thesis describes the development of several molecular tools for the 

diagnosis of malaria and their applicability to monitor parasite dynamics when 

parasites are being exposed in vivo to anti-malarial drugs. Chapter 2 explains 

the laboratory development and evaluation of a NASBA assay that is able to 

discriminate between the four different species of the malaria causing parasites. 

Chapter 3 describes an additional NASBA assay specifically targeting the 

gametocyte stages of Plasmodium vivax. In addition to the previously developed 

18S and Pfs25 gametocyte specific P. falciparum NASBA, the development of 

these NASBA assays complete the arsenal of NASBA tools for the diagnosis of 

malaria.  

The developed NASBA assays are not only applicable for diagnosis but can also 

be used to predict treatment outcome (chapter 4). The 18S P. falciparum 

NASBA was evaluated for its potential to predict treatment outcome at day 7 after 

start of treatment. In routine clinical practice, with the use of microscopy  

treatment failures can only be identified reliably at day 28 after start of treatment.  

The results of this study indicated that NASBA could be used in predicting 

treatment outcome and thus could possibly be used in treatment dynamics. 

Another characteristic of NASBA is its capability to detect gametocytes at a level 

well under the detection limit of microscopy. After treatment and clearance of 

asexual parasites, gametocytes continue to circulate and they have a very large 

impact on malaria control. It is important to assess the effect of drugs on the 

development of gametocytes. The new ACTs are advocated as anti-malarial 

drugs of choice for the treatment of P. falciparum infection at the moment and 

they are reported as having effect on gametocytogenesis. Many pharmaceutical 

companies are currently developing these drugs, submit new combinations for 

registration and bring them on the market. 

In chapter 5 NASBA was applied to evaluate parasite dynamics and presence 

and production of gametocytes in a trial of two ACTs in Kenyan children with 

uncomplicated P. falciparum malaria. The efficacy of both drugs was analyzed 

and compared. Although the information gained by NASBA is very valuable for 
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the control of malaria and NASBA has the potential of being a tool for diagnosis 

as well as for research in developed countries, the implementation of NASBA for 

diagnosis of malaria in endemic countries is hampered due to the lack of 

resources. Many claim that microscopy is the only reliable and feasible method in 

resource poor settings and that other methods are not sensitive enough or have 

no added value, whereas others argue that molecular tools should be used in 

addition or even as single tool since they are the most sensitive detection 

techniques  currently available. Chapter 6 compares microscopy with RDT’s and 

molecular diagnostic tools in an urban and rural setting in two endemic countries 

i.e. Tanzania and Kenya. This study showed that microscopy and RDT’s are of 

great value, but that there is a potential for molecular tools in the diagnosis of 

malaria as well. However, the lack of simple techniques to perform the assays or 

detect the results hinders implementation. Chapter 7 describes the first step 

towards a simplified detection method, Nucleic Acid Lateral Flow Immuno Assay 

(NALFIA), for the molecular diagnosis of malaria in endemic and resource pour 

settings and shows the feasibility to perform NALFIA under difficult field 

conditions. Although this test is still based on PCR the translation into a NASBA 

based test can open the door to the wider use of molecular tools in developing 

and malaria endemic regions.  
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