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Chapter 7

GENERAL DISCUSSION

The aim of this thesis was to contribute to malaria control efforts by eval-

uating the accuracy of currently available and newly developed molecular 

malaria diagnostics and by determining the efficacy and safety of a novel ar-

temisinin-based combination therapy (ACT). Molecular tools were not only 

evaluated for a potential role in clinical practice, but also for their application 

in patient follow-up after treatment. Finally, the transmission potential after 

two different ACTs was addressed by assessing gametocyte dynamics after 

pyronaridine-artesunate (PA) compared to those after artemether-lumefan-

trine (AL).

1. Molecular malaria diagnostics

Malaria is traditionally diagnosed by microscopy and since the 1990s also by 

antigen based rapid diagnostic tests1–3. Upon the development of polymerase 

chain reaction (PCR) in 1983 (patented in 1987)4, this technique was soon in-

troduced in many different fields, including malaria research5–7. Since then, 

numerous PCR-based assays for the detection of Plasmodium species have 

been developed. PCR was found to be very sensitive, with a detection lim-

it below that of microscopy. Furthermore, it can be used in high throughput 

formats, can reliably differentiate between species and quantify parasites. 

Despite its widespread use in research settings, the implementation of PCR 

in routine diagnostics is not always easy, especially in resource-limited set-

tings. Major obstacles are the need for a stable source of electricity, expensive 

equipment and highly trained personnel8. Several platforms are therefore 

under development that make implementation easier. A well-known example 

is loop-mediated isothermal amplification (LAMP), which doesn’t need ex-

pensive PCR machines for amplification and has an easy read-out system9,10. 

An alternative to LAMP is direct-on-blood PCR nucleic acid lateral flow im-

munoassay (db-PCR-NALFIA), whereby no sample preparation is required 

and the read-out is done on an easy and fast lateral flow device11. The devel-

opment, laboratory validation and field evaluation of db-PCR-NALFIA with 

species differentiation capacities was described in chapter 3. To determine 

which molecular test, if any, would be the most promising to be deployed in a 

certain setting, both practical aspects and accuracy are of major importance. 

In chapter 2, an overview was given of the currently available molecular tools 

for the diagnosis of malaria and a systematic evaluation of their reported 
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accuracy was provided, including both traditional PCR-based techniques and 

newer methods. The systematic review (chapter 2) as well as the evaluation of 

db-PCR-NALFIA (chapter 3) show high accuracy of molecular tools, and the 

outcomes of these studies deserve further consideration.

Three traditional and commonly used PCR-based techniques were identified 

in chapter 2: conventional PCR, nested PCR and real-time PCR. Meta-analysis 

showed high sensitivity and specificity for all three, and no important differ-

ences in accuracy were found. This implies that there are no clear directives, 

other than practical ones, to choose one technique over the other. However, 

summary estimates from the meta-analysis should not be interpreted in iso-

lation from the results of the original paper, as considerable heterogeneity 

exists, especially in the evaluations of conventional PCR. Several other mo-

lecular tools for the diagnosis of malaria were identified and included LAMP, 

(db-)PCR-NALFIA, RNA hybridization assay, PCR-enzyme-linked immu-

nosorbent assay (PCR-ELISA), nucleic acid sequence based amplification 

(NASBA), ligase detection reaction-fluorescent microsphere assay (LDR-

FMA) and photo-induced electron transfer-PCR (PET-PCR)10–16. Sensitivity 

of these techniques was overall high, while specificity was more variable 

when microscopy was used as a reference standard. The use of a PCR-based 

method as a reference standard generally increased the specificity. This was 

also true for the field evaluation of db-PCR-NALFIA as presented in chapter 

3, which showed high sensitivity but disappointing specificity against refer-

ence standard microscopy and a clear increase in specificity when qPCR was 

used as a reference standard. This can be explained by the fact that microsco-

py is an imperfect reference standard with a higher detection limit than most 

molecular tools. Thus, when evaluating a molecular test against reference 

standard microscopy, some false positives may actually represent low-den-

sity submicroscopic infections, leading to underestimations of specificity17.

Some of the above mentioned alternative diagnostics provide clear im-

plementation advantages above the traditional PCRs, of which LAMP and 

db-PCR-NALFIA are the most extensively evaluated assays, both in the lab-

oratory and in field settings. In terms of input material db-PCR-NALFIA is 

very convenient (whole blood), whereas LAMP uses several crude and so-

phisticated isolation techniques and the RNA hybridization assay requires 

lysed red blood cells. LAMP, NASBA and the RNA-hybridization assay all use 

7
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(semi-)isothermal amplification, circumventing the need for PCR-machines. 

However, the RNA hybridization assay requires an overnight step and is thus 

less suitable for clinical practice. The read-out is easy and fast for LAMP (UV-

light), db-PCR-NALFIA (lateral flow device), PCR-ELISA (ELISA plate reader) 

and all real-time PCR techniques, although the latter two require specialized 

equipment. Another promising technique is lateral flow recombinase poly-

merase amplification (LF-RPA), which combines isothermal amplification 

with an easy lateral flow-based readout. Laboratory evaluations of LF-RPA 

reported a limit of detection (LoD) of 0.1-4 parasites/µl, but no results from 

field evaluations have been described thus far18,19. 

The techniques that have recently been developed or are currently under de-

velopment have their limitations too. Molecular tools still need a stable pow-

er source for amplification. Most techniques require a cold chain for storage 

of reagents, even though LAMP and LF-RPA have the advantage that (part 

of) their reagents are dried and do not need cold storage10,19. Precise pipetting 

is essential for the success of molecular techniques, implying that they can 

only be performed by well-trained technicians.  Amplicon contamination is 

a major concern in many molecular amplification techniques, which can be 

resolved by closed systems where tubes do not need to be opened after am-

plification (real-time PCR, NASBA, LAMP). Finally, unlike microscopy, there 

is very little standardization of molecular malaria diagnostics. Many differ-

ent assays exist and often in-house assays or published protocols are used, 

which complicates the comparison between laboratories20. Among laborato-

ries routinely performing molecular diagnostics, proficiency testing and/or 

external quality assessment programs are essential in monitoring the quality 

of work21.

The identification of four P. malariae, one P. ovale and one dual P. malariae/P. 

falciparum infection in the db-PCR-NALFIA field evaluation as described in 

chapter 3 confirms results from other studies in sub-Saharan Africa that, 

even though P. falciparum is the predominant species, the occurrence of 

non-falciparum infections should remain to be considered22,23. This implies 

that molecular diagnostics should be able to differentiate between species 
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or at least use a generic pan-Plasmodium target next to a P. falciparum spe-

cific one. A multiplex format is preferable to multiple tests per patient, and 

db-PCR-NALFIA has an advantage to LAMP in this respect, as LAMP is diffi-

cult to develop into a multiplex format.

The implementation of molecular diagnostics will not have the same impact 

in every setting. While microscopy and RDTs were shown to underestimate 

parasite prevalence compared to PCR on a population level24,25, they have suf-

ficient sensitivity to detect most clinically relevant cases and in the near fu-

ture will remain the most important diagnostics for case management in high 

transmission settings26,27. However, malaria prevalence is declining in many 

areas and in (pre-)elimination settings, microscopy and RDTs may not have 

sufficient sensitivity to reduce transmission in, for example, mass screen-

ing and treatment (MSAT) programs22,26,27. Highly sensitive molecular tools 

are expected to detect more cases and could therefore improve the efficacy 

of MSAT programs, if implementation issues can be overcome14,28. In this re-

spect, assays like LAMP and db-PCR-NALFIA may be good candidates to be 

deployed in MSAT programs, where sensitivity, high-throughput and speed 

are crucial11,29. Recent efforts to develop mobile laboratories that bring (mo-

lecular) diagnostics to the field and enable testing on the spot may be helpful 

to facilitate the implementation of molecular diagnostics30,31.

Molecular diagnostics can also be applied for monitoring parasite clearance 

after treatment. Patient outcomes may benefit from a sensitive and reliable 

method that detects possible resistance early and enables timely adjustment 

of treatment regimens where necessary, especially when such test is able 

to predict a failure shortly after treatment initiation and can be performed 

in field settings. In Chapter 6, it was found that residual submicroscop-

ic parasitemia detected by db-PCR-NALFIA at day 7 after the start of arte-

misinin-based combination therapy (ACT) treatment was associated with 

recurrent parasitemia (odds ratio: 3.410, 95% CI: 1.513 - 7.689, P=0.003). 

Remarkably, the association between residual parasitemia and parasite re-

currence was not found when using qPCR as a detection method (odds ra-

tio: 0.701, 95% CI: 0.312 - 1.578, P=0.391). This difference between qPCR and 

db-PCR-NALFIA may be explained by a difference in LoD (~0.2 and 1 p/µl, 

respectively), whereby qPCR detects very low parasite densities that may not 

be of relevance for later treatment failures. While the odds ratio is valuable for 

7
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research purposes, predictive values (which compose the odds ratio) are more 

useful in clinical practice. Here, it became clear that a positive db-PCR-NAL-

FIA at day 7 was actually not predictive for treatment failure. The factor that 

contributed most to the positive odds ratio was the negative predictive value 

(NPV): a negative db-PCR-NALFIA test at day 7 was in most cases predic-

tive for an adequate clinical and parasitological response (ACPR) during fol-

low-up (NPV: 82.4% (95% CI: 75.8 - 87.4)). 

2. Pyronaridine-artesunate for the treatment of malaria

To reinforce malaria control efforts, there is not only need for highly ac-

curate diagnostics, but also for new, effective and safe antimalarial drugs. 

Pyronaridine-artesunate (PA) is a novel artemisinin-based combination 

therapy (ACT) that was found to be well tolerated and effective for the treat-

ment of uncomplicated P. falciparum malaria and the blood stage of P. vivax 

malaria in previous phase III studies32–36. However, further confirmatory data 

for PA are warranted, especially for young children. In chapter 4, the results 

of a randomized controlled non-inferiority study were described, comparing 

the efficacy and safety of PA to that of artemether-lumefantrine (AL) for the 

treatment of uncomplicated P. falciparum malaria in Kenyan children aged 

6 months to 12 years. Despite the fact that the planned sample size was not 

reached, PA was found to be well tolerated and non-inferiority of PA to AL 

was demonstrated. This finding is in line with a previous study in children35 

and PA may be a good candidate for inclusion in pediatric malaria treatment 

programs.  

In the study described in chapter 4, children <20 kg received the pediatric 

formulation of PA, consisting of soluble granules instead of tablets. Pediatric 

ACT formulations have been developed to overcome difficulties with the 

treatment of young children using standard tablet formulations. Problems 

include inability to swallow entire tablets, inappropriate dosing when using 

crushed tablets and vomiting due to unpalatable drugs37. As a consequence, 

compliance may not be optimal in young children37. Besides for PA, pediat-

ric formulations also exist for AL, artesunate-mefloquine (AS-MQ) and ar-

tesunate-amodiaquine (AS-AQ), consisting of dispersible or soluble tablets, 

granules or powder for suspension37–40. A systematic review and meta-anal-

ysis showed that pediatric ACT formulations had similar efficacy and safe-

ty profiles compared to the standard tablet formulation, but fewer patients 
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experienced drug-related vomiting and gastrointestinal disorders37. Thus, 

the availability of convenient, safe and effective pediatric ACTs, including PA, 

may benefit the management of malaria in children. However, very young 

children are not always well represented in (pediatric) efficacy studies35,36. For 

example, in the present study, 40.6% (41/101) of participants in the PA group 

received the granule formulation, but none were <1 year old. Both the present 

study and previous reports conclude that there is a need for further PA effica-

cy and safety data in infants35,36.

AL is the most widely used first-line treatment for uncomplicated P. falci-

parum malaria in Africa, with good safety and efficacy records41. It needs to 

be taken twice a day for three days with fatty food for optimal absorption of 

lumefantrine. PA, on the other hand, needs to be taken only once per day for 

three days and does not need to be taken with food. The same holds true for 

dihydroartemisinin-piperaquine (DHA-PPQ), AS-AQ and AS-MQ42. The ad-

vantage of the six-dose regimen of AL is that it allows for optimally effective 

drug concentrations over the complete treatment period. However, a regi-

men with extra doses may lead to poorer adherence in unsupervised treat-

ment settings43. Furthermore, patients with acute malaria often have a poor 

appetite, which may compromise the efficacy of lumefantrine44. The half-life 

of lumefantrine is relatively short (approximately 3.2 days) and exposes pa-

tients to a risk of early reinfection because it provides little prophylactic effect 

shortly after treatment44,45. The partner drugs of other ACTs have longer half-

life estimates: 13.2 days for pyronaridine, 28 days for piperaquine, 9 days for 

amodiaquine and 21 days for mefloquine42,46–48. Indeed, when comparing PA 

to AL, a previous study found that PA had a lower reinfection rate than AL on 

day 28 and 42 after treatment initiation32. This finding could not be confirmed 

in the study described in chapter 4, although a slightly higher proportion of 

reinfections occurred in the AL group compared to the PA group. DHA-PPQ is 

the ACT with the longest half-life and several studies have shown fewer rein-

fections after this drug compared to AL49–51. Even though longer half-lifes can 

provide a prophylactic effect after treatment, which is beneficial for the indi-

vidual patient, this comes at a cost of subtherapeutic drug levels in the weeks 

after treatment that may provide a selective force for the emergence of drug 

resistance52. With the existing and expanding range of ACTs to choose from as 

first-line treatment, the above mentioned drug characteristics are important 

to take into consideration. For example, in high transmission areas where 

7
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people experience frequent re-exposure, a long-lasting prophylactic effect 

may prevent a large number of reinfections and thereby protect the individ-

ual as well as avoid further transmission53. In low transmission areas, on the 

other hand, a long-acting drug regimen may be less advantageous and other 

characteristics, such as  gametocytocidal properties, may be more important 

(see part 3 of this discussion)54.

Containment of artemisinin-resistance in western Cambodia and the 

Thailand-Cambodia border area is urgently needed for local and global ma-

laria control efforts and new effective antimalarial treatment options are 

therefore required55. Selecting another ACT for this purpose is not necessarily 

excluded, at least before a new generation of non-artemisinin antimalari-

als becomes available, because thus far ACTs retain efficacy in the absence of 

resistance to the partner-drug56. When partner-drug resistance is present, 

treatment failure rates increase and resistance can spread. Because pyronari-

dine showed high in vitro activity against multidrug resistant P. falciparum 

and had not regularly been used as a monotherapy, it was hoped that pyr-

onaridine partner-drug resistance was uncommon57,58. However, in western 

Cambodia, a recrudescence rate of 10.2% after PA was reported, versus 0% for 

AS-MQ34. This is indicative of reduced P. falciparum susceptibility to the pyro-

naridine, although further confirmatory studies are warranted. Furthermore, 

in the same study, parasite clearance times after PA and AS-MQ were found to 

be significantly increased in Cambodian patients compared to patients from 

other countries, which is suggestive of artemisinin resistance34. Given the ur-

gent need for effective antimalarial treatments in Cambodia and for confirm-

atory efficacy data of PA in this area, a recent study assessed the efficacy of PA 

for the treatment of uncomplicated P. falciparum malaria in an area of arte-

misinin resistance in western Cambodia58. The overall PCR-corrected day-42 

ACPR was found to be 87.9% (95% CI: 80.6 – 93.2), which is below the WHO-

recommended threshold of 90% ACPR for first-line treatment of P. falciparum 

malaria59. The exact reason why the efficacy of PA in western Cambodia is not 

as high as in other areas, remains unknown at present. Cross-resistance of 

pyronaridine with piperaquine was suggested, but in vitro data indicate that 

this is not the case56. To date, AS-MQ is still effective in western Cambodia, 

but the WHO expert group on drug efficacy and response recommends effica-

cy and safety evaluations of PA + atovaquone-proguanil (AP) to be conducted 

in case the alarming scenario becomes true that there are no other treatment 
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options in this region. These findings indicate that even a novel drug with 

very little exposure, may not be equally effective in every area. However, 

despite the issues in Western Cambodia, PA has important clinical utility in 

African (chapter 4)32,34–36 and other Asian countries32–35, and possibly in other 

parts of Cambodia or in combination with other antimalarials58. 

The most important safety concern about PA in previous studies was the tran-

sient increase of the hepatic enzymes alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST). A systematic review and meta-analysis 

showed that ALT and AST elevations were four times more frequent after PA 

than after other ACTs60. Elevations were present at day 3 and 7 after treatment 

initiation and levels were normalized or decreasing by day 28. Grade 3/4 tox-

icities were defined as ALT or AST levels >5 times the upper limit of normal 

(ULN) and occurred at day 7 for ALT in 0.9% (24/2709) of patients and for AST 

in 0.3% (9/2711) of patients61. These rises in ALT and/or AST were rarely asso-

ciated with increases in total bilirubin (0.2%, 7/2815), in which case drug-in-

duced liver injury is a serious concern (Hy’s law). One of the 7 patients also 

had elevated alkaline phosphatase (ALP), indicative of an alternative under-

lying cause and precluding the patient as a Hy’s law case. Importantly, none 

of the patients had clinical sequelae as a result of the liver enzyme changes 

and all elevations were transient. An independent data and safety monitoring 

committee, including hepatotoxicity experts, concluded that even though PA 

treatment is associated with transient transaminase elevations, the early on-

set and rapid resolution are consistent with direct low-level toxicity. Because 

the treatment regimen of PA is only 3 days, the risk of progressive liver injury 

was estimated to be very small. Reassuringly, a study assessing safety after 

re-treatment with PA confirmed that hepatotoxicity events did not increase 

after treating multiple malaria episodes36. Surprisingly, and in contrast to 

previous studies, the trial as described in chapter 4 did not find any grade 

3 or 4 toxicities. Although this is an encouraging safety finding, it should be 

noted that the sample size was smaller compared to other studies and not for 

all participants (enough) serum was available to perform all ALT/AST meas-

urements. Other safety findings were in line with previous reports. Mean he-

moglobin concentrations decreased by -0.8 g/dL at day 3, but recovered by 

day 28, similar to other ACTs62. No serious adverse events occurred and most 

7
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common adverse events after PA treatment included headache, vomiting and 

coughing. Overall, the present study confirms the results from earlier reports 

that PA was well tolerated and had a similar adverse event profile compared 

to other ACTs.

While microscopy based parasite clearance after PA or AL treatment was very 

good in both the present and earlier studies, residual submicroscopic par-

asitemia as detected by molecular techniques, was found to be common in 

the study reported in chapter 6. For example, of the study participants who 

received PA or AL, respectively 96.0% (97/101) and 94.8% (91/96) cleared all 

parasites by day 3 as determined by microscopy. However, the qPCR-based 

parasite clearance at day 3 was only 21.6% (16/74) after PA and 37.7% (26/69) 

after AL. This finding is not exceptional: high levels of submicroscopic re-

sidual parasitemia after ACT treatment have been described previously63,64. 

In the present study, qPCR based parasite clearance at day 2 appeared to be 

faster after AL compared to PA, but this difference was less clear at day 3 and 

absent at day 7 after treatment initiation. Importantly, while the qPCR-based 

prevalence remained high during the first days after treatment, the parasite 

density rapidly decreased for both PA and AL, in agreement with previous re-

ports63,64. Day 1 densities were <2% of the enrollment value and day 7 densi-

ties were around 0.02% of baseline. The persistence of low parasite densities 

after apparently successful ACT treatment may shed new light on parasite 

clearance dynamics after ACT. The clinical relevance of this persistence re-

mains to be further investigated, as there appears to be  conflicting evidence. 

While two studies found an association between residual parasitemia shortly 

after treatment and parasite recurrence during follow-up63,65, this associa-

tion was not found by Chang et al64. The present study found an association 

between recurrent parasitemia and db-PCR-NALFIA but not qPCR positivity 

at day 7. To further establish the clinical relevance of residual submicroscop-

ic parasitemia after ACT treatment, estimated by molecular techniques, it is 

important to assess the viability of these low-density infections, for example 

by attempting to culture the residual parasites64. Viable residual submicro-

scopic parasites may clear slowly, remain as low-density chronic infections 

or cause a recrudescence. In either case, these parasites might be an impor-

tant contributing factor to ongoing transmission63.
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3. Monitoring gametocyte dynamics after treatment

With the increasing efforts to control and eliminate malaria, it becomes high-

ly important to evaluate not only the efficacy of antimalarial drugs against 

asexual Plasmodium stages, but also their effect on gametocytes. Any effec-

tive antimalarial reduces the duration of infectiousness compared to untreat-

ed or partially treated individuals by killing asexual parasites, the source of 

gametocytes. Gametocytocidal activity can further reduce the transmission 

potential, but differs between drugs and stages of  development. While im-

mature P. falciparum gametocytes are susceptible to most commonly used 

antimalarials to a certain extent, this is not the case for mature gameto-

cytes66. Thus, especially mature gametocytes can persist and cause onward 

transmission when asexual parasites have been cleared. Gametocyte carriage 

might even be increased after treatment with certain antimalarial drugs, like 

chloroquine and SP, either by continued gametocyte production (possibly 

enhanced by drug-induced stress caused by slow-acting antimalarials) or by 

efflux of sequestered gametocytes66. Treatment with ACTs generally results 

in lower levels of gametocyte carriage and posttreatment transmission po-

tential compared to non-ACTs67. Nevertheless, gametocytocidal differences 

exist between ACTs. A systematic review and meta-analysis evaluating the 

gametocyte dynamics after four different ACTs found that the appearance 

of gametocytemia among patients without gametocytes at enrollment, was 

higher after DHA-PPQ and AS-AQ than after AL and AS-MQ68. Additionally, 

among patients with gametocytes at baseline, gametocyte clearance is faster 

after AS-MQ and slower after DHA-PPQ, compared to AL50,68. The difference 

between AS-AQ and AS-MQ is remarkable and cannot be explained by arte-

misinin dosing or treatment outcome, but may be related to the non-arte-

misinin partner-drug. Indeed, in vitro drug screening assays indicated that 

developing gametocytes appear to be more susceptible to mefloquine and 

lumefantrine than to amodiaquine69. 

It is essential to determine the gametocytocidal activity of not only the most 

commonly used ACTs, as described above, but also that of novel antimalarial 

treatments. In the case of PA, previous studies found no significant difference 

in gametocyte clearance rate compared to AL32,35 or AS-MQ34. However, these 

studies were all based on microscopically detectable gametocytes. Already in 

the 1930s it was observed that mosquitos can become infected after taking 

a blood meal that did not contain microscopically detectable gametocytes70. 

7
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Molecular methods later confirmed the presence of submicroscopic gameto-

cytes capable of transmission71. Thus, because gametocytes often circulate 

at low densities, microscopy is not sensitive enough to detect all gametocyte 

carriers relevant for transmission. Molecular methods provide more accurate 

estimates of post-treatment gametocytemia66. In chapter 5, the gameto-

cyte dynamics after PA and AL treatment were evaluated using QT-NASBA 

and quantitative reverse transcriptase PCR (qRT-PCR). The duration of ga-

metocyte carriage and gametocyte circulation time were found to be slightly 

longer after PA. This suggests that the transmission potential may be higher 

after PA than after AL, which needs to be confirmed using mosquito feeding 

assays. Future studies should also confirm the position of PA relative to other 

ACTs in terms of gametocyte clearance time. 

While the above mentioned drugs lack activity against mature gametocytes, 

highly effective gametocytocidal treatments do exist. Primaquine is the most 

well-known example: it actively clears mature P. falciparum gametocytes, 

which results in a shorter duration of posttreatment (submicroscopic) ga-

metocyte carriage72–75. However, primaquine does not effectively clear asex-

ual parasites and immature gametocytes, and thus needs to be combined with 

an effective ACT for the treatment of P. falciparum malaria75. Despite the ad-

vantage in terms of reducing transmission potential, the use of primaquine is 

limited due to its hematological toxicity in people with glucose-6-phosphate 

dehydrogenase (G6PD) deficiency76,77. Hemolysis induced by primaquine in 

G6PD deficient individuals can occur after a single dose and is dose depend-

ent. In low transmission settings, the WHO initially recommended a dose of 

0.75 mg base/kg ‘when the risk of G6PD deficiency is considered low or when G6PD 

testing is available’78. With this recommendation the WHO targeted two situa-

tions: malaria elimination programs and to prevent the spread of artemisinin 

resistance79. Unfortunately, G6PD testing is not widely available in all malaria 

endemic areas. Thus, the WHO recommended that single-dose primaquine 

used as a gametocytocide for P. falciparum should be reduced to a dose of 0.25 

mg base/kg, as initial evidence indicated that this was safer and equally ef-

fective compared to higher doses80. However, at the time of this recommen-

dation, additional data were still required to determine the safety and efficacy 

of low-dose primaquine. Reassuring results were obtained in non-G6PD in-

dividuals81–83. Future safety studies of low-dose primaquine need to be con-

ducted in individuals with G6PD deficiency to determine whether primaquine 
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community interventions without testing for G6PD deficiency can be done 

safely82. The above mentioned studies used primaquine in combination with 

DHA-PPQ, AL and SP-AQ. A potential future combination with PA would re-

quire safety evaluations as well. Finally, the challenge of finding safer alter-

natives to primaquine is ongoing. Methylene blue was recently evaluated and 

found to be well tolerated and efficacious for preventing transmission83.

Not only the type of drug and drug dosing influence the gametocyte response 

and transmission potential after treatment, but also the gametocyte sex ra-

tio may play an important role. In vitro studies found that male gametocytes 

are more susceptible to most commonly used antimalarial drugs compared 

to females84. The ratio of male to female P. falciparum gametocytes is usually 

unequal, with a clear female bias, presumably because each male gameto-

cyte can produce eight microgametes and thus fertilize up to eight females85. 

Most commonly found sex ratios are 1 male to 3-5 female gametocytes86–89. 

The hypothesis was raised that if male gametocytes are indeed cleared faster 

from the circulation, the infection might actually be sterilized before a clear 

drop in the female dominated gametocyte density occurs90,91. Thus, differen-

tiation between male and female gametocytes may be important. QT-NASBA 

is commonly used for the detection of posttreatment gametocytemia, but is 

female (Pfs25) specific. In chapter 5, a recently developed qRT-PCR was used 

to evaluate the male and female gametocyte response after PA and AL91. No 

indications were found that PA or AL preferentially cleared male gameto-

cytes. In fact, while the prevalence of male gametocytes was lower at base-

line, they appeared to clear slower than females. Even though this seems to 

contrast with the previous in vitro findings, it is important to note that the in 

vitro assays measured the ability of gametocytes to activate rather than the 

presence of mRNA, which may be detectable in nonfunctional gametocytes 

still present in the circulation83,91. Thus, despite the clear added value of mo-

lecular techniques, functional assays that determine gametocyte fitness or 

infectivity remain crucial in assessing transmission-blocking properties of 

antimalarial drugs.

Notwithstanding the importance of identifying the gametocytocidal proper-

ties of antimalarial drugs, many gametocyte positive individuals are asymp-

tomatic and, while they contribute considerably to onward transmission, they 

do not seek treatment66,92. Thus, even though the gametocytocidal activity of 

7
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the first-line ACT can influence transmission, this effect may be small on a 

population basis when transmission is mainly driven by the asymptomatic 

reservoir68. The success of efforts to reduce transmission through treatment 

regimens therefore depends on the ability to reach both the symptomatic and 

asymptomatic population. For example, including asymptomatic carriers 

in treatment campaigns, where possible using transmission blocking drugs 

like primaquine, may have more impact on transmission than the choice of 

ACT68,93. 

Finally, there evidently is a relationship between sexual and asexual parasite 

clearance. A longer duration of asexual clearance is inevitably associated with 

a longer duration of gametocyte carriage, because the time at which asexu-

al parasites are cleared determines when the generation of new gametocytes 

stops66. Indeed, both microscopy-based and submicroscopic data from pre-

vious studies indicate that longer clearance times were related to increased 

gametocyte carriage63,94,95. Chapter 6 confirmed this and found that residual 

submicroscopic parasitemia at day 7 was associated with higher prevalence 

and density of gametocytes at baseline, day 3 and day 7. The study by Beshir et 

al. showed that residual submicroscopic parasitemia was not only associated 

with increased gametocyte carriage but also translated into a higher trans-

mission potential to mosquitos63. Besides prolonged clearance time, antima-

larial treatment failure also has previously been related to increased gameto-

cyte carriage96. Mutations in pfcrt and pfmdr1 genes conferring chloroquine 

resistance, as well as dhfr genes conferring SP resistance were associated with 

increased gametocyte carriage and transmission94,97. The relation between 

resistance associated mutations, gametocyte carriage and transmission po-

tential indicates that increased gametocyte carriage or transmission after 

treatment may serve as an early indicator of drug resistance97,98. Currently, 

this may particularly be relevant for the early detection of artemisinin re-

sistance, which is characterized by slow clearance and may also be associated 

with increased gametocyte carriage99.

4. Future perspectives

Despite the clear challenges associated with the implementation of molecu-

lar diagnostics in resource-restricted areas, molecular tools potentially play 

an important role in especially malaria elimination settings100. Obviously, 

strengthening of local laboratory and health care facilities is crucial to enable 
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the implementation of molecular tools in a growing number of laboratories 

in the future101,102. However, the development of new methods and/or adjust-

ments to currently existing techniques may have substantial impact as well. 

Several tests with clear implementation advantages over traditional PCR-

based methods have been described in this thesis, but there are still issues 

remaining that complicate their use and require attention. These include the 

dependence of molecular methods on electricity, the necessity of a cold-chain 

for most assays and, in the case of MSAT programs, reachability of large pop-

ulations with short time to test result. Possible solutions that are currently 

explored include the development and use of mobile laboratories with on-

board PCR-facilities, heat-stable (lyophilized) reagents and solar- or battery 

powered portal PCR-machines30,31,103.

A major threat to malaria control and elimination is drug resistance, hence 

the search for new drugs, drug combinations and treatment regimens is of 

key importance. Nowadays, all new drugs (including non-ACTs) are devel-

oped as combination therapies to improve efficacy and reduce the risk of drug 

resistance development. Highly favorable are antimalarial drugs that provide 

‘Single Encounter Radical Cure and Prophylaxis’ (SERCaP), which may have 

a high impact on malaria control104. So far, this has only been achieved with 

SP and focusing just on SERCap potentially excludes valuable drugs that re-

quire longer treatment courses55. Examples of new drugs that are in phase 

2 of the development pipeline include ferroquine, cipargamin, artefenomel, 

MMV048, DSM 265 and KAF 156105. As it will take at least several years before 

these candidate drugs will become generally available, the clinical develop-

ment of alternative regimens of existing drugs to encounter the spread of ar-

temisinin and partner drug resistance is essential55. A relatively simple possi-

bility is to extent the treatment course from 3 to 5-7 days, which has proven 

to be effective99. However, with the use of fixed dose combination therapies, 

longer exposure to the artemisinin component implies that partner drug ex-

posure is increased as well, which may lead to higher levels of toxicity or re-

duced tolerability55. Alternatively, it has been proposed to give two courses 

of different ACTs sequentially, providing cross protection between the two 

partner drugs106. Finally, triple therapies are successfully used for tubercu-

losis and HIV and studies are underway that evaluate the safety and effica-

cy of triple ACTs, containing two slowly eliminated partner drugs and one 

7
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artemisinin component55,107. The advantage of both sequential and triple ACTs 

is that partner drugs can be chosen such that high resistance to one partner 

drug is associated with lower resistance to the other, for example: lumefan-

trine and amodiaquine or piperaquine and mefloquine55. 

Finally, the availability of effective and safe vaccines play a major role in 

malaria control and elimination. Several vaccine candidates are under de-

velopment, of which RTS,S, a pre-erythrocytic stage vaccine, is the most 

advanced. A phase III multicenter study involving 15,459 children from 7 

African countries estimated that 829 clinical malaria episodes per 1000 chil-

dren were averted by RTS,S over an 18 month follow-up period108. An overall 

vaccine efficacy of 46% was obtained, which is low in comparison to vaccines 

for other diseases, but efficacies of 30-50% are justified by the WHO based on 

the magnitude of the worldwide malaria problem109,110. Pilot implementation 

of RTS,S is planned to start in Ghana, Kenya and Malawi in 2018111. However, 

a recent study found that the vaccine efficacy of RTS,S drastically decreased 

over a 7-year period after vaccination112, which emphasizes the need for al-

ternative vaccines. The vaccine development pipeline consists of pre-eryth-

rocytic stage vaccines (PfSPZ, GAP, CVac), blood stage vaccines (chemically 

attenuated parasites, AMA1-RON2, PfRH5) and transmission blocking vac-

cines (Pfs25, Pfs230, Pfs47)111. All are in the preclinical phase, phase 1 or phase 

2 of development (in contrast to RTS,S, which is in stage IV). It is aimed to 

combine the most promising vaccine candidates targeting different stages of 

parasite development in the future to achieve the highest efficacy111.



521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth
Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018 PDF page: 223PDF page: 223PDF page: 223PDF page: 223

223

Discussion

REFERENCES

1. Dietze, R. et al. The diagnosis of Plasmodium falciparum infection using a new anti-
gen detection system. Am. J. Trop. Med. Hyg. 52, 45–49 (1995).

2. Makler, M. T., Palmer, C. J. & Ager, A. L. A review of practical techniques for the 
diagnosis of malaria. Ann. Trop. Med. Parasitol. 92, 419–433 (1998).

3. Palmer, C. J. et al. Evaluation of the OptiMAL test for rapid diagnosis of Plasmodium 
vivax and Plasmodium falciparum malaria. J. Clin. Microbiol. 36, 203–206 (1998).

4. Mullis, K. et al. Process for amplifying, detecting, and/or cloning nucleic acid se-
quences. United States Patent (1987).

5. Tirasophon, W., Ponglikitmongkol, M., Wilairat, P., Boonsaeng, V. & Panyim, S. 
A novel detection of a single Plasmodium falciparum in infected blood. Biochem. 
Biophys. Res. Commun. 175, 179–184 (1991).

6. Barker, R. H. et al. A simple method to detect Plasmodium falciparum directly from 
blood samples using the polymerase chain reaction. Am. J. Trop. Med. Hyg. 46, 416–
426 (1992).

7. Snounou, G., Viriyakosol, S., Jarra, W., Thaithong, S. & Brown, K. N. Identification 
of the four human malaria parasite species in field samples by the polymerase 
chain reaction and detection of a high prevalence of mixed infections. Mol. Biochem. 
Parasitol. 58, 283–292 (1993).

8. Hawkes, M. & Kain, K. C. Advances in malaria diagnosis. Expert Rev. Anti. Infect. Ther. 
5, 485–495 (2007).

9. Notomi, T. et al. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. 
28, e63 (2000).

10. Hopkins, H. et al. Highly Sensitive Detection of Malaria Parasitemia in a Malaria-
Endemic Setting: Performance of a New Loop-Mediated Isothermal Amplification 
Kit in a Remote Clinic in Uganda. J. Infect. Dis. 208, 645–652 (2013).

11. Mens, P. et al. Direct Blood PCR in Combination with Nucleic Acid Lateral Flow 
Immunoassay for Detection of Plasmodium Species in Settings Where Malaria is 
Endemic. J. Clin. Microbiol. 50, 3520–3525 (2012).

12. Cheng, Z., Sun, X., Yang, Y. & Wang, H. A Novel, Sensitive Assay for High-
Throughput Molecular Detection of Plasmodia for Active Screening of Malaria for 
Elimination. J. Clin. Microbiol. 51, 125–130 (2013).

13. Laoboonchai, A., Kawamoto, F., Thanoosingha, N., Kojima, S. & Miller, R. S. PCR-
based ELISA technique for malaria diagnosis of specimens from Thailand. Trop. 
Med. Int. Heal. 6, 458–462 (2001).

14. Mens, P. et al. Is molecular biology the best alternative for diagnosis of malaria to 
microscopy? A comparison between microscopy, antigen detection and molecular 
tests in rural Kenya and urban Tanzania. Trop. Med. Int. Heal. 12, 238–244 (2007).

15. Menge, D. M. et al. Microscopy Underestimates the Frequency of Plasmodium fal-
ciparum Infection in Symptomatic Individuals in a Low Transmission Highland 
Area. Am. J. Trop. Med. Hyg. 79, 173–177 (2008).

7



521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth
Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018 PDF page: 224PDF page: 224PDF page: 224PDF page: 224

224

Chapter 7

16. Talundzic, E. et al. Field evaluation of the photo-induced electron transfer fluoro-
genic primers (PET) real-time PCR for the detection of Plasmodium falciparum in 
Tanzania. Malar. J. 13, 31 (2014).

17. Okell, L. C. et al. Factors determining the occurrence of submicroscopic malaria 
infections and their relevance for control. Nat. Commun. 3, 1237 (2012).

18. Kersting, S., Rausch, V., Bier, F. F. & Nickisch-Rosenegk, M. Von. Rapid detection 
of Plasmodium falciparum with isothermal recombinase polymerase amplification 
and lateral flow analysis. Malar. J. 13, 99 (2014).

19. Cordray, M. S. & Richards-Kortum, R. R. A paper and plastic device for the com-
bined isothermal amplification and lateral flow detection of Plasmodium DNA. 
Malar. J. 14, 472 (2015).

20. UNITAID. Malaria Diagnostic Technology Landscape. (2011).

21. Holden, M. J., Madej, R. M., Minor, P. & Kalman, L. V. Molecular diagnostics: har-
monization through reference materials, documentary standards and proficiency 
testing. Expert Rev. Mol. Diagn. 11, 741–755 (2011).

22. Cook, J. et al. Mass screening and treatment on the basis of results of a Plasmodium 
falciparum-specific rapid diagnostic test did not reduce malaria incidence in 
Zanzibar. J. Infect. Dis. 211, 1476–1483 (2015).

23. Cotter, C. et al. The changing epidemiology of malaria elimination: new strategies 
for new challenges. Lancet 382, 900–911 (2013).

24. Mwingira, F., Genton, B., Kabanywanyi, A.-N. M. & Felger, I. Comparison of detec-
tion methods to estimate asexual Plasmodium falciparum parasite prevalence and 
gametocyte carriage in a community survey in Tanzania. Malar. J. 13, 433 (2014).

25. Britton, S., Cheng, Q. & McCarthy, J. S. Novel molecular diagnostic tools for malaria 
elimination: A review of options from the point of view of high-throughput and 
applicability in resource limited settings. Malar. J. 15, 88 (2016).

26. malERA Consultative Group on Diagnoses and Diagnostics. A Research Agenda for 
Malaria Eradication: Diagnoses and Diagnostics. PLoS Med. 8, e1000396 (2011).

27. Bell, D., Fleurent, A. E., Hegg, M. C., Boomgard, J. D. & McConnico, C. C. Development 
of new malaria diagnostics: matching performance and need. Malar. J. 15, 406 
(2016).

28. Hemingway, J. et al. Tools and Strategies for Malaria Control and Elimination: What 
Do We Need to Achieve a Grand Convergence in Malaria? PLoS Biol. 14, e1002380 
(2016).

29. Cook, J. et al. Loop-mediated isothermal amplification (LAMP) for point-of-care 
detection of asymptomatic low-density malaria parasite carriers in Zanzibar. 
Malar. J. 14, 43 (2015).

30. Canier, L. et al. An innovative tool for moving malaria PCR detection of parasite 
reservoir into the field. Malar. J. 12, 405 (2013).

31. Marx, V. PCR heads into the field. Nat. Methods 12, 393–397 (2015).



521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth
Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018 PDF page: 225PDF page: 225PDF page: 225PDF page: 225

225

Discussion

32. Tshefu, A. K. et al. Efficacy and safety of a fixed-dose oral combination of pyronar-
idine-artesunate compared with artemether-lumefantrine in children and adults 
with uncomplicated Plasmodium falciparum malaria: a randomised non-inferiority 
trial. Lancet 375, 1457–67 (2010).

33. Poravuth, Y. et al. Pyronaridine-artesunate versus chloroquine in patients with 
acute Plasmodium vivax malaria: a randomized, double-blind, non-inferiority tri-
al. PLoS One 6, e14501 (2011).

34. Rueangweerayut, R. et al. Pyronaridine–artesunate versus mefloquine plus arte-
sunate for malaria. NEJM 366, 1298–1309 (2012).

35. Kayentao, K. et al. Pyronaridine-artesunate granules versus artemether-lumefan-
trine crushed tablets in children with Plasmodium falciparum malaria: a random-
ized controlled trial. Malar. J. 11, 364 (2012).

36. Sagara, I. et al. Safety and efficacy of re-treatments with pyronaridine-artesunate 
in African patients with malaria: a substudy of the WANECAM randomised trial. 
Lancet Infect. Dis. 16, 189–198 (2016).

37. Kurth, F. et al. Do paediatric drug formulations of artemisinin combination ther-
apies improve the treatment of children with malaria? A systematic review and 
meta-analysis. Lancet Infect. Dis. 10, 125–132 (2010).

38. Abdulla, S. et al. Efficacy and safety of artemether-lumefantrine dispersible tablets 
compared with crushed commercial tablets in African infants and children with 
uncomplicated malaria: a randomised, single-blind, multicentre trial. Lancet 372, 
1819–1827 (2008).

39. Schramm, B. et al. Efficacy of artesunate-amodiaquine and artemether-lumefan-
trine fixed-dose combinations for the treatment of uncomplicated Plasmodium 
falciparum malaria among children aged six to 59 months in Nimba County, 
Liberia. Malar. J. 12, 251 (2013).

40. Faye, B. et al. A randomized trial of artesunate mefloquine versus artemether 
lumefantrine for the treatment of uncomplicated Plasmodium falciparum malaria 
in Senegalese children. Am. J. Trop. Med. Hyg. 82, 140–144 (2010).

41. WHO. World Malaria Report 2017. (World Health Organization, 2017).

42. Nosten, F. & White, N. J. Artemisinin-based combination treatment of falciparum 
malaria. Am. J. Trop. Med. Hyg. 77, 181–192 (2007).

43. Challenger, J. D., Bruxvoort, K., Ghani, A. C. & Okell, L. C. Assessing the impact of 
imperfect adherence to artemether-lumefantrine on malaria treatment outcomes 
using within-host modelling. Nat. Commun. 8, 1373 (2017).

44. Ezzet, F., Vugt, M. van, Nosten, F., Looareesuwan, S. & White, N. J. Pharmacokinetics 
and pharmacodynamics of lumefantrine (benflumetol) in acute falciparum malar-
ia. Antimicrob. Agents Chemother. 44, 697–704 (2000).

45. Whitty, C. J. M. & Staedke, S. G. Artemisinin-Based Combination Treatment for 
Malaria in Africa: No Perfect Solutions. Clin. Infect. Dis. 41, 1087–8 (2005).

46. Croft, S. L. et al. Review of pyronaridine anti-malarial properties and product char-
acteristics. Malar. J. 11, 270 (2012).

7



521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth
Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018 PDF page: 226PDF page: 226PDF page: 226PDF page: 226

226

Chapter 7

47. Tarning, J. et al. Population pharmacokinetics of piperaquine after two differ-
ent treatment regimens with dihydroartemisinin-piperaquine in patients with 
Plasmodium falciparum malaria in Thailand. Antimicrob. Agents Chemother. 52, 
1052–1061 (2008).

48. Stepniewska, K. et al. Population pharmacokinetics of artesunate and amodiaquine 
in African children. Malar. J. 8, 200 (2009).

49. Bassat, Q. et al. Dihydroartemisinin-piperaquine and artemether-lumefantrine 
for treating uncomplicated malaria in African children: a randomised, non-inferi-
ority trial. PLoS One 4, e7871 (2009).

50. Sawa, P. et al. Malaria Transmission After Artemether-Lumefantrine and 
Dihydroartemisinin-Piperaquine: A Randomized Trial. J. Infect. Dis. 207, 1637–
1645 (2013).

51. The Four Artemisinin-Based Combinations (4ABC) Study Group. A head-to-head 
comparison of four artemisinin-based combinations for treating uncomplicated 
malaria in African children: a randomized trial. PLoS Med. 8, e1001119 (2011).

52. Hastings, I. M., Watkins, W. M. & White, N. J. The evolution of drug-resistant ma-
laria: the role of drug elimination half-life. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 
357, 505–19 (2002).

53. Okell, L. C., Drakeley, C. J., Bousema, T., Whitty, C. J. M. & Ghani, A. C. Modelling the 
impact of artemisinin combination therapy and long-acting treatments on malar-
ia transmission intensity. PLoS Med. 5, 1617–1628 (2008).

54. Okell, L. C. et al. Contrasting benefits of different artemisinin combination thera-
pies as first-line malaria treatments using model-based cost-effectiveness anal-
ysis. Nat. Commun. 5, 5606 (2014).

55. White, N. J. Can new treatment developments combat resistance in malaria? Expert 
Opin. Pharmacother. 17, 1303–1307 (2016).

56. WHO. Minutes of the Technical Expert Group on Drug Efficacy and Response. (World 
Health Organization, 2017).

57. Basco, L. K. & Le Bras, J. In vitro susceptibility of Cambodian isolates of Plasmodium 
falciparum to halofantrine, pyronaridine and artemisinin derivatives. Ann. Trop. 
Med. Parasitol. 88, 137–144 (1994).

58. Leang, R. et al. Efficacy and safety of pyronaridine-artesunate for treatment of 
uncomplicated Plasmodium falciparum malaria in Western Cambodia. Antimicrob. 
Agents Chemother. 60, 3884–90 (2016).

59. WHO. Guidelines for the treatment of malaria - 3rd Edn. (World Health Organization, 
2015).

60. Bukirwa, H. et al. Artesunate plus pyronaridine for treating uncomplicated 
Plasmodium falciparum malaria. Cochrane Database Syst. Rev. 3, CD006404 (2014).

61. Duparc, S. et al. Safety and efficacy of pyronaridine-artesunate in uncomplicated 
acute malaria: an integrated analysis of individual patient data from six random-
ized clinical trials. Malar. J. 12, 70 (2013).



521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth
Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018 PDF page: 227PDF page: 227PDF page: 227PDF page: 227

227

Discussion

62. Kurth, F. et al. Hemolysis after oral artemisinin combination therapy for uncom-
plicated Plasmodium falciparum Malaria. Emerg. Infect. Dis. 22, 1381–1386 (2016).

63. Beshir, K. B. et al. Residual Plasmodium falciparum parasitemia in Kenyan children 
after artemisinin-combination therapy is associated with increased transmission 
to mosquitoes and parasite recurrence. J. Infect. Dis. 208, 2017–2024 (2013).

64. Chang, H. H. et al. Persistence of Plasmodium falciparum parasitemia after artemis-
inin combination therapy: Evidence from a randomized trial in Uganda. Nat. Sci. 
Reports 6, 26330 (2016).

65. Omar, S. A. et al. Plasmodium falciparum: Evaluation of a quantitative nucleic acid 
sequence-based amplification assay to predict the outcome of sulfadoxine–pyri-
methamine treatment of uncomplicated malaria. Exp. Parasitol. 110, 73–79 (2005).

66. Bousema, T. & Drakeley, C. Epidemiology and infectivity of Plasmodium falciparum 
and Plasmodium vivax gametocytes in relation to malaria control and elimination. 
Clin. Microbiol. Rev. 24, 377–410 (2011).

67. Bousema, J. T. et al. Moderate effect of artemisinin-based combination therapy on 
transmission of Plasmodium falciparum. J. Infect. Dis. 193, 1151–9 (2006).

68. WWARN Gametocyte Study Group. Gametocyte carriage in uncomplicated 
Plasmodium falciparum malaria following treatment with artemisinin combination 
therapy: a systematic review and meta-analysis of individual patient data. BMC 
Med. 14, 79 (2016).

69. Lucantoni, L., Duffy, S., Adjalley, S. H., Fidock, D. A. & Avery, V. M. Identification 
of MMV malaria box inhibitors of Plasmodium falciparum early-stage gametocytes 
using a luciferase-based high-throughput assay. Antimicrob. Agents Chemother. 57, 
6050–6062 (2013).

70. Muirhead-Thomson, R. Factors determining the true reservoir of infection of 
Plasmodium falciparum and Wucheria bancrofti in a West African village. Trans. R. 
Soc. Trop. Med. Hyg. 48, 208–225 (1954).

71. Schneider, P. et al. Submicroscopic Plasmodium falciparum gametocyte densities 
frequently result in mosquito infection. Am. J. Trop. Med. Hyg. 76, 470–474 (2007).

72. Shekalaghe, S. et al. Primaquine Clears Submicroscopic Plasmodium falciparum 
Gametocytes that Persist after Treatment with Sulphadoxine-Pyrimethamine and 
Artesunate. PLoS One 2, e1023 (2007).

73. Smithuis, F. et al. Effectiveness of five artemisinin combination regimens with 
or without primaquine in uncomplicated falciparum malaria: An open-label ran-
domised trial. Lancet Infect. Dis. 10, 673–681 (2010).

74. Bousema, T. et al. Revisiting the circulation time of Plasmodium falciparum ga-
metocytes: Molecular detection methods to estimate the duration of gametocyte 
carriage and the effect of gametocytocidal drugs. Malar. J. 9, 136 (2010).

75. Pukrittayakamee, S. et al. Activities of Artesunate and Primaquine against Asexual- 
and Sexual-Stage Parasites in Falciparum Malaria. Antimicrob. Agents Chemother. 
48, 1329–1334 (2004).

76. Carson, P. E., Flanagan, C. L., Ickes, C. E. & Alving, A. S. Enzymatic Deficiency in 
Primaquine-Sensitive Erythrocytes. Science (80-. ). 124, 484–485 (1956).

7



521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth
Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018 PDF page: 228PDF page: 228PDF page: 228PDF page: 228

228

Chapter 7

77. White, N. J. The role of anti-malarial drugs in eliminating malaria. Malar. J. 7 Suppl 
1, S8 (2008).

78. WHO. Global plan for artemisinin resistance containment. (2011).

79. White, N. J., Qiao, L. G., Qi, G. & Luzzatto, L. Rationale for recommending a low-
er dose of primaquine as a Plasmodium falciparum gametocytocide in populations 
where G6PD deficiency is common. Malar. J. 11, 418 (2012).

80. WHO. Updated WHO policy recommendation: Single dose primaquine as a gametocyto-
cide in Plasmodium falciparum malaria. (2012).

81. Eziefula, A. C. et al. Single dose primaquine for clearance of Plasmodium falciparum 
gametocytes in children with uncomplicated malaria in Uganda: a randomised, 
controlled, double-blind, dose-ranging trial. Lancet Infect. Dis. 14, 130–139 (2014).

82. Dicko, A. et al. Primaquine to reduce transmission of Plasmodium falciparum ma-
laria in Mali: a single-blind, dose-ranging, adaptive randomised phase 2 trial. 
Lancet Infect. Dis. 16, 674–684 (2016).

83. Dicko, A. et al. Efficacy and safety of primaquine and methylene blue for preven-
tion of Plasmodium falciparum transmission in Mali: a phase 2, single-blind, ran-
domised controlled trial. Lancet Infect. Dis. 18, 30044–6 (2018).

84. Delves, M. J. et al. Male and female Plasmodium falciparum mature gametocytes 
show different responses to antimalarial drugs. Antimicrob. Agents Chemother. 57, 
3268–3274 (2013).

85. Paul, R. E. L., Brey, P. T. & Robert, V. Plasmodium sex determination and transmis-
sion to mosquitoes. Trends Parasitol. 18, 32–38 (2002).

86. Robert, V., Sokhna, C. S., Rogier, C., Ariey, F. & Trape, J. F. Sex ratio of Plasmodium 
falciparum gametocytes in inhabitants of Dielmo, Senegal. Parasitology 127, 1–8 
(2003).

87. Sowunmi, A., Balogun, S. T., Gbotosho, G. O. & Happi, C. T. Plasmodium falciparum 
gametocyte sex ratios in children with acute, symptomatic, uncomplicated infec-
tions treated with amodiaquine. Malar. J. 7, 169 (2008).

88. Sowunmi, A., Balogun, S. T., Gbotosho, G. O. & Happi, C. T. Plasmodium falciparum 
gametocyte sex ratios in symptomatic children treated with antimalarial drugs. 
Acta Trop. 109, 108–117 (2009).

89. Gbotosho, G. O. et al. Plasmodium falciparum gametocyte carriage, emergence, 
clearance and population sex ratios in anaemic and non-anaemic malarious chil-
dren. Mem. Inst. Oswaldo Cruz 106, 562–569 (2011).

90. White, N. et al. Assessment of therapeutic responses to gametocytocidal drugs in 
Plasmodium falciparum malaria. Malar. J. 13, 483 (2014).

91. Stone, W. et al. A Molecular Assay to Quantify Male and Female Plasmodium fal-
ciparum Gametocytes: Results From 2 Randomized Controlled Trials Using 
Primaquine for Gametocyte Clearance. J. Infect. Dis. 216, 457–467 (2017).

92. Slater, H. C. et al. Assessing the impact of next-generation rapid diagnostic tests 
on Plasmodium falciparum malaria elimination strategies. Nature 528, S94–S101 
(2015).



521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth
Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018 PDF page: 229PDF page: 229PDF page: 229PDF page: 229

229

Discussion

93. Johnston, G. L., Gething, P. W., Hay, S. I., Smith, D. L. & Fidock, D. A. Modeling 
Within-Host Effects of Drugs on Plasmodium falciparum Transmission and 
Prospects for Malaria Elimination. PLoS Comput. Biol. 10, e1003434 (2014).

94. Méndez, F. et al. Determinants of treatment response to sulfadoxine-pyri-
methamine and subsequent transmission potential in falciparum malaria. Am. J. 
Epidemiol. 156, 230–238 (2002).

95. Carrara, V. I. et al. Changes in the treatment responses to artesunate-mefloquine 
on the northwestern border of Thailand during 13 years of continuous deployment. 
PLoS One 4, e4551 (2009).

96. Price, R. et al. Risk factors for gametocyte carriage in uncomplicated falciparum 
malaria in children. Am. J. Trop. Med. Hyg. 60, 1019–1023 (1999).

97. Hallett, R. L. et al. Chloroquine/Sulphadoxine-Pyrimethamine for Gambian 
Children with Malaria: Transmission to Mosquitoes of Multidrug-Resistant 
Plasmodium falciparum. PLoS Clin. Trials 1, e15 (2006).

98. Barnes, K. I. et al. Increased Gametocytemia after Treatment: An Early 
Parasitological Indicator of Emerging Sulfadoxine‐Pyrimethamine Resistance in 
Falciparum Malaria. J. Infect. Dis. 197, 1605–1613 (2008).

99. Ashley, E. A. et al. Spread of artemisinin resistance in Plasmodium falciparum ma-
laria. NEJM 371, 411–423 (2014).

100. WHO. WHO Evidence Review Group on Malaria Diagnosis in Low Transmission Settings. 
(2014).

101. Birx, D., Souza, M. De & Nkengasong, J. N. Laboratory Challenges in the Scaling 
Up of HIV, TB, and Malaria Programs: The Interaction of Health and Laboratory 
Systems, Clinical Research, and Service Delivery. Am. J. Clin. Pathol. 131, 849–851 
(2009).

102. Nsanzabana, C., Djalle, D., Guérin, P. J., Ménard, D. & González, I. J. Tools for sur-
veillance of anti‑malarial drug resistance: an assessment of the current landscape. 
Malar. J. 17, 75 (2018).

103. Jiang, L. et al. Solar thermal polymerase chain reaction for smartphone-assisted 
molecular diagnostics. Nat. Sci. Reports 4, 4137 (2014).

104. malERA Consultative Group on Drugs. A research agenda for malaria eradication: 
drugs. PLoS Med. 8, e1000402 (2011).

105. Medicines for Malaria Venture. MMV-supported projects. (2017). Available 
at: https://www.mmv.org/research-development/mmv-supported-projects. 
(Accessed: 24th March 2018)

106. Schallig, H. D. et al. Randomised controlled trial of two sequential artemisi-
nin-based combination therapy regimens to treat uncomplicated falciparum ma-
laria in African children: a protocol to investigate safety, efficacy and adherence. 
BMJ Glob. Heal. 2, e000371 (2017).

107. Shanks, G. D., Edstein, M. D. & Jacobus, D. Evolution from double to triple-antima-
larial drug combinations. Trans. R. Soc. Trop. Med. Hyg. 109, 182–188 (2015).

7



521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth521408-L-bw-Roth
Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018Processed on: 13-9-2018 PDF page: 230PDF page: 230PDF page: 230PDF page: 230

230

Chapter 7

108. RTSS Clinical Trials Partnership. Efficacy and safety of the RTS,S/AS01 malaria 
vaccine during 18 months after vaccination: a phase 3 randomized, controlled trial 
in children and young infants at 11 African sites. PLoS Med. 11, e1001685 (2014).

109. Moorthy, V., Reed, Z. & Smith, P. G. Measurement of malaria vaccine efficacy in 
phase III trials: Report of a WHO consultation. Vaccine 25, 5115–5123 (2007).

110. Mahmoudi, S. & Keshavarz, H. Efficacy of phase 3 trial of RTS,S/AS01 malaria vac-
cine: The need for an alternative development plan. Hum. vaccines Immunother. 13, 
2098–2101 (2017).

111. Coelho, C. H., Doritchamou, J. Y. A., Zaidi, I. & Duffy, P. E. Advances in malaria vac-
cine development: report from the 2017 malaria vaccine symposium. npj Vaccines 
2, 34 (2017).

112. Olotu, A. et al. Seven-Year Efficacy of RTS,S/AS01 Malaria Vaccine among Young 
African Children. N. Engl. J. Med. 374, 2519–2529 (2016).


