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Preface

Malaria is an ancient disease, and references to what was almost certainly malaria 
can be found in a Chinese document from about 2700 BCE, in Mesopotamian clay 
tablets from 2000 BCE, in Egyptian papyri from 1570 BCE and in Hindu texts as far 
back as the sixth century BCE. While these historical records should be regarded 
with caution, more recent observations are certainly stronger. The early Greeks, 
including Homer in about 850 BCE, Empedocles of Agrigentum in about 550 BCE and 
Hippocrates in about 400 BCE, were aware of the characteristic poor health, malarial 
fevers and enlarged spleens seen in people living in marshy places. For over 2500 years 
the idea that malarial fevers were caused by miasmas rising from swamps persisted, 
and it is widely held that the word malaria comes from the Italian malaria, meaning 
spoiled air, although this has been disputed. With the discovery of bacteria by Antonie 
van Leeuwenhoek in 1676, the recognition of microorganisms as causes of infectious 
diseases, and the development of the germ theory of infection by Louis Pasteur and 
Robert Koch in 1878–1879, the search for the cause of malaria intensified. Scientific 
studies only became possible after the discovery of the parasites themselves by 
Charles Louis Alphonse Laveran in 1880 and the identification of mosquitoes as the 
vectors, first for avian malaria by Ronald Ross in 1897 and then for human malaria by 
the Italian scientists Giovanni Battista Grassi, Amico Bignami, Giuseppe Bastianelli, 
Angelo Celli, Camillo Golgi and Ettore Marchiafava between 1898 and 1900.

Since then, progress has been made in malaria knowledge, prevention, and treatment. 
Quinine alone has probably saved millions of lives since its formal introduction in the 
20th century. Nonetheless, in that time frame, malaria has claimed between 150 million 
and 300 million lives, accounting for 2 to 5 percent of all deaths. Although its chief 
sufferers today are the poor of Sub-Saharan Africa, Asia, the Amazon Basin, and other 
tropical regions, 40 percent of the world’s population still lives in areas where malaria 
is transmitted (Figure 1).

This book presents a brief overview of the pathobiology of malaria and the current 
standards of diagnosis and treatments, and provides some insights into novel preven-
tive and therapeutic approaches.

While the primary responsibility for malaria prevention and treatment lies with 
medicine and pharmacology, political as well as social initiatives are no less impor-
tant. Most countries where malaria was endemic at the beginning of the 20th century 
are now totally malaria free. It is conceivable that investments in those areas where 
malaria is still deadly would lead not only to obvious global health benefits, but also 
to economic benefits, given that malaria, HIV and other infective diseases represent 
major obstacles to the development of such countries.

This book is intended for all health professionals, particularly those involved in THE 
diagnosis and treatment of tropical and infectious diseases, as well as medical students 
and researchers.
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Figure 1.  
Malaria cases worldwide in 2020 (data from WHO). Nigeria (26.8%), the Democratic Republic of the Congo 
(12.0%), Uganda (5.4%), Mozambique (4.2%), Angola (3.4%) and Burkina Faso (3.4%) accounted for 55% of 
all cases.
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Chapter 1

Introductory Chapter: Malaria in 
2022 – Promises and Unmet Needs
Erica Diani, Davide Gibellini and Pier Paolo Piccaluga

1. Introduction

Malaria represents one of the most ancient and diffuse infective illnesses in the 
World. It was first described in a Chinese paper, dated 2700 before Christ, in which a 
patient with recurrent fever was described. Many records on papyri and clay tablets 
report similar cases, but the definition of causative agent of malaria had to wait for 
the germ theory and the first discovery of Plasmodium in human blood sample [1, 2]. 
After almost 5000 years, malaria continues to be frightening: in 2020, the WHO 
estimated 241 million cases and 627,000 deaths in the 85 countries in which malaria 
is endemic (WHO), and about of 75% of infected patients are children. In recent 
decades, various programs have been implemented in order to contain and reduce the 
transmission of malaria through prevention, diagnosis, and surveillance strategies. 
Unfortunately, the SARS-CoV-2 pandemic has caused an increase in the number of 
cases and deaths due to the interruption of malaria prevention and a sort of black out 
in the surveillance and case reports. Now, after 2 years of SARS-CoV-2 pandemic, 
the number of malaria cases and death has not been even updated; the last officially 
released data were in 2019, but it is absolutely necessary to maintain open the atten-
tion on this plague [3].

2. The biological cycle of Plasmodia

Malaria is a life-threatening disease characterized by recurrent periodically fever 
accompanied by nausea, vomiting and abdominal discomfort, fatigue, and head-
aches [4]. Infection is caused by five protozoan parasites of the genus Plasmodium: 
P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi, which are characterized 
by different periodicity and different severity of illness (see Table 1). In particular, 
P. falciparum is responsible for malignant tertian, which, in the more severe cases, can 
lead to the death of patients in 24 hours after the symptoms appear (WHO).

Transmission occurs through an arthropod vector, which can acquire the 
Plasmodium through the bite of an infected person. Plasmodium maturation proceeds in 
the Anopheles stomach and midgut, and the sporozoites (infective form) are released in 
another person by mosquito bite, starting new infection cycle [6, 7]. Rarely, the trans-
mission can occur among persons through blood transfusion or organ transplants.

The biological cycle of Plasmodia takes place in two obligated hosts (Figure 1): 
a vertebrate and a female of mosquito Anopheles. In brief, the infection of a female 
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Anopheles occurs after a blood meal carried out on an infected human subject carry-
ing the gametocytes, the sexual forms of the parasite, which are the only ones that can 
proceed with the development in the Anopheles body. The sporozoites are the final 
stage of development cycle and are also the human infective form of Plasmodium. At 
the end of the development cycle, the sporozoites, the forms of Plasmodium infect-
ing humans, migrate into the salivary glands of the mosquito, from where they will 
be inoculated into another human subject through the bite. The development of the 
Plasmodium continues also inside the human host. Sporozoites can reach the liver, 
establishing a silent infection in the hepatocytes and undergoing a strong prolifera-
tion with the formation of the schizont within which maturation takes place in the 
form of merozoites. When the merozoites are mature, the schizont ruptures release 
them into the bloodstream where they invade the erythrocytes causing disease. 
Within the erythrocytes, the merozoites pass through another developmental stage, 
starting from ring form, to trophozoites, and ending to multinucleated schizonts 
(erythrocytic stage). This final step in the red blood can undergo a cycle (the 
intraerythrocytic developmental cycle, IDC) activated by the rupture of the schizont 
continuing the infectious phase where they reproduce again by schizogony, giving rise 
to new generations of parasites every 48 (tertian) or 72 (quartana) hours.

Some merozoites can further differentiate into female and male gametocytes, 
which, being present in the bloodstream of the infected patient for several weeks, can 
be ingested during a mosquito’s meal, thus initiating a new transmission. Only for 
P. vivax and P. ovale, the liver stage infection is also characterized by a dormant phase 
also called hypnozoite, which causes a prolonged infection [8].

Plasmodium 
species

Incubation 
period

Periodicity of 
fever increase

Sign and Symptoms for severe disease

P. falciparum 9–14 days 3 days Impaired consciousness: Glasgow Coma Scale 
score < 11;

Multiple convulsion: > 2 seizures/days;

Prostration: unable to sit, stand or walk alone;

Significant bleeding: recurrent or prolonged bleeding 
from the nose, gum, venipuncture sites, hematemesis, 

or melena;

Shock: circulatory collapse/shock.

P. vivax 12–17 days 3 days Defined as falciparum malaria but w/o parasite density 
threshold.

P. ovale 16–18 days 3 days Rarely occur.

No parasite density threshold.

P. malariae 18–40 days 4 days Rarely occur.

No parasite density threshold.

P. knowlesi 9–12 days 2 days Defined as for falciparum malaria except for parasite 
density (>100.000/mL) and for Jaundice and parasite 

density (>20.000/mL)

Modified by Daily et al. [5].

Table 1. 
Characteristics of Plasmodium species infection and diagnosis criteria.
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  3. Malaria diagnosis 

 The first steps to try to reduce malaria cases and death are obvious: protective 
clothing, mosquito repellants, bed nets, screened accommodations, chemopro-
phylaxis (only for travelers in the endemic areas), avoid visiting friends infected, 
which is the cause of about 50% of new infections [ 3 ]. 

 In October 2021, WHO approved the use of the malaria vaccine, RTS,S/ASO1 
(GSK Belgium), in children from 5 months of age. This vaccine is based on a recom-
binant subunit protein of P. falciparum that is expressed during sporozoite stage. This 
new strategy is leading to reduced new malaria cases worldwide [ 9 ]. Recent study 
on the vaccination campaign impact reports that in a population of children from 
5 months age, who received all four doses of malaria vaccine, in a follow-up time of 
4 years, they observed a reduction in both clinical and severe malaria cases of 39% 
and 29%, respectively [ 10 ]. 

 The second important step to eradicate and contain malaria contagion in endemic 
areas (including cases derived from traveling) is a correct and tempestive diagnosis 
of malaria with specific indication of which species of malaria is or are present in the 
sample, in order to use the most appropriate drug treatment. 

 Following the indication of WHO and of the British Society of Hematology [ 3 ,  11 ], 
the diagnostic assays for malaria are: microscopic examination in thin and thick film, 
Rapid Diagnostic Test (RDT) based on antigen, Indirect Fluorescent Antibody Test 
(IFA test), and also, recently introduced and accepted, the nucleic-acid detection 
method by PCR or LAMP technologies. 

  Figure 1.  
  Biological cycle of  Plasmodium  in human host. Reprinted from “Malaria Transmission Cycle”, by BioRender, 
May 2019— https://app.biorender.com/biorender-templates/t-5e629f969501410088a0156b-malaria-
transmission-cycle .          



Malaria - Recent Advances and New Perspectives

6

3.1 Microscopy

It is currently the gold standard to diagnose malaria. This technique requires 
experienced hematologists and technicians to prepare and observe blood smears, dis-
criminate different Plasmodium species, and correctly quantitate the parasite density 
in the specimen. When P. falciparum or P. knowlesi are detected, it is very important to 
determine the parasite percentage because the species and the parasitemia level may 
affect the treatment choice.

In brief, for each patient, two thick and two thin films of blood smears should be 
prepared, starting from a venipuncture performed maximum 2–4 h earlier, in order 
to avoid morphological alteration due to EDTA storage. Double preparation is needed 
for independent analyses of the slides by two specialists and for greater control and 
precision in the parasite count.

Thick and thin films have two different aims: detection of parasite and identifica-
tion of species, respectively. In addition, for the species indicated in thin film, it can 
be possible to perform the parasite count, taking into account only the asexual stage 
of the parasites (ring and merozoite). The films are colored by Giemsa stain at pH 7.2. 
For severe illness, it can be possible to perform a modified field stain in order to detect 
more rapidly P. falciparum and start as soon as possible the adequate treatment.

The great advantage of this technique relies in its relative simplicity; in fact, it 
can be performed in any laboratory that performs hematology tests, requiring no 
additional equipment. In addition, microscopy can provide three important data to 
start the patient treatment: presence of Plasmodium, its specie, and count. The main 
disadvantage is that morphological analysis requires experienced staff.

3.2 Rapid diagnostic test

Rapid diagnostic test is a faster alternative to microscopy detection. This immuno-
chromatographic test is performed starting from some small drops of blood, and in about 
15 minutes, the physician can visualize the presence of specific bands in the window of 
the test card. This immunochromatographic test, based on antigen or antibody, makes it 
possible to identify four out of five Plasmodium species, P. knowlesi being excluded.

This approach allows a faster but less sensitive diagnosis and might be not suffi-
cient. The main advantage is that it does not require expert personnel and can even be 
self-performed, facilitating diagnosis where the doctor cannot reach the patients. On 
the other hand, as a limitation, we can only obtain information about the presence of 
one or more species of Plasmodium, but the amount of parasites is unveiled.

3.3 Indirect fluorescent antibody test

Indirect Fluorescent Antibody (IFA) test is based on the detection of antibodies in 
the patient serum. Due to the long time needed to carry out the procedure, it cannot 
be adopted as a routine test for malaria detection. However, IFA test is useful to screen 
the blood donors in malaria cases suspected to be transmitted by hemo-transfusions, 
when a donor is negative at microscopy test. The use of specific antibody allows to 
detect Plasmodium also in infected patient with very low parasitemia. In addition, IFA 
test is a good tool for the test of patient with chronic or repeated malaria infection and 
for patient whose diagnosis is unsure after starting drug therapy.

IFA test is available for all Plasmodium with exception of P. knowlesi, due to the 
availability of specific antibodies.
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Another serology test employed is an immune-enzymatic assay, used principally 
for blood donors screening. The limit of this test is its sensitivity due to the possibility 
to detect only P. falciparum vs “non-falciparum spp.”

3.4 Nucleic acid detection methods

To date, only a few referral laboratories use molecular methods to detect, define, 
and quantify Plasmodium infections, while these tests are principally used for research 
and epidemiologic scopes [12]. Only for a suspect of P. knowlesi infection, polymerase 
chain reaction (PCR) is becoming a standard to confirm the diagnosis before treat-
ment initiation.

PCR-based techniques could be useful to detect malaria in case of infection at low-
density parasitemia, which is difficult to detect also at microscopy or in the absence of 
an expert technician. Of note, the specific oligonucleotides used for the amplification 
allow, at the same time, detection, species definition and quantitation, even for low 
amounts of Plasmodia [13–17]. Prospectively, PCR-based tools are expected to be the 
gold standard in malaria diagnosis, as already happened in most infectious diseases. 
In fact, PCR is currently cheap, easy to perform even in low resources settings, fast, 
and absolutely accurate.

Loop-mediated isothermal amplification test (LMPA) can detect parasite DNA 
in a simpler way with respect to PCR [18–22]. The advantages of LMPA tests, com-
pared with PCR, are that thermocyclers are not required. Conversely, sensitivity and 
specificity are variable, making this test not always reliable [23–26].

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Malaria Diagnostics
Nikiwe Mhlanga and Hendriëtte Van der Walt

Abstract

The imminent scenario of malaria burden on endemic regions burdens healthcare 
and is a threat to non-endemic regions. Microscopy and rapid diagnostic tests (RDTs) 
remain the gold standard for malaria detection in resource-constrained regions. 
They still present low sensitivity at low parasite density, however, with microscopy 
also requiring trained personnel, expensive and time consuming. Affordable, rapid, 
specific, sensitive and simple malaria diagnostics remain elusive. Molecular-based 
diagnostics, polymerase chain reaction and loop-mediated isothermal amplification, 
although highly sensitive even at low parasitemia, still have challenges hindering 
their use in resource-constrained regions. This chapter discusses the conventional 
microscopy, spectroscopy, RDTs and molecular platforms in malaria detection. It also 
highlights current interventions on mitigations of their existing hurdles and adapt-
ability to developing regions. Such inventions include the amalgamation of different 
techniques, nanotechnology and artificial intelligence.

Keywords: microscopy, SERS, RDTs, LAMP, PCR

1. Introduction

The malaria protozoan continues to yield despondency in third World Health 
Organisation (WHO) regions. In 2019, 227 million global cases were estimated, and in 
2020, it increased to 241 million cases [1]. Figure 1 gives an approximation of endemic 
WHO regions where malaria transmission still occurs. The continuous battle is 
prevailing even with the availability of state-of-the-art malaria detection techniques, 
which have evolved from the gold standard microscopy to rapid diagnostics, nucleic-
based polymerase chain reaction (PCR) and loop-mediated isothermal amplification 
(LAMP). Heightening the infections in these regions is the inaccessibility of the exist-
ing techniques. Some of them are too expensive and not readily available, yet even 
with rapid diagnostic tests (RDTs), which are readily available and simpler, and low 
sensitivity especially for low parasite density and asymptomatic infections remains a 
hurdle. A controlled disease and prevention plan including early, sensitive, accessible, 
affordable, user-friendly and rapid detection tools is mandatory in these regions [3].

Malaria is caused by a protozoan parasite of the Plasmodium genus with five 
species viz. falciparum, vivax, malariae, ovale and knowlesi. The P. falciparum 
is the most prevalent, infectious and fatal of the five. Malaria infection is det-
rimental in young children and pregnant women due to underdeveloped and 
temporal loss of immunity, respectively. The parasite is transmitted from a female 
anopheles mosquito to a human via feeding when the latter bites the host [4–7]. 
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Figure 2. 
A malaria parasite life cycle. Reprinted with permission from ACS [3].

Figure 1. 
An approximation of malaria-endemic WHO regions [2].
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The parasites target the lungs and red blood cells (RBCs) and the former has a 
latent phase that can reoccur after years of initial infection [5]. Sporozoites are 
transferred from the mosquitoes’ salivary glands into the human bloodstream, 
where after they migrate to the human liver. In the liver, an exoerythrocytic 
infection stage initiates, that is, asexual reproduction in the liver hepatocyte of 
sporozoites transformation and multiplication into thousands of schizonts/mero-
zoites. Within a couple of days (6–8), the matured merozoites rapture the host 
hepatocyte and are released into the bloodstream, where they invade the RBCs. 
Internalised in the RBCs, they undergo asexual reproduction. This infection 
stage is named the erythrocytic cycle [4]. The erythrocytic stage is initiated with 
tiny ring forms that turn into a larger amoeboid forms (trophozoite) and finally 
merozoites. The host RCBs rupture to release the matured merozoites, which will 
invade new RBCs. The continuous invasion of the RBCs burdens the RCBs and 
triggers severe pathological and patient sicknesses such as anaemia [4]. Figure 2  
illustrates the lifecycle of the Plasmodium species. Some of the merozoites develop 
into female and male gametocytes that circulate in the bloodstream to be re-
ingested by a mosquito where they start a new cycle. Male and female gametocytes 
are fertilised into zygotes that transform into sporozoites that flow in the mos-
quito’s salivary glands [4].

2. Microscopic detection of malaria

2.1 Conventional microscopy

Light microscopy, a gold standard conventional malaria diagnostic, uses Giemsa-
stained thick and thin blood smears of peripheral blood from the intraerythrocytic 
malaria cycle to detect the Plasmodium species [3, 4, 7, 8]. The thick and thin blood 
smears are used to deduce the parasite and parasite species, respectively. Figure 3 
shows the P. falciparum light microscopy morphology from the smears. Microscopy, 
however, also presents challenges: low sensitivity at low parasitemia is laborious and 
costly, and requires a trained microscopist and it is not standardised; uses a bulky 
visual/light microscope and is not suitable for point-of-care testing (POCT) [3–5]. 
Also because microscopy is a morphological diagnostic tool, misdiagnosis is possible 
between species with close morphological resemblance [4]. It has an average detection 
limit of about 50 parasites/μL.

Figure 3. 
Microscopy images of P. falciparum from thick (right) and thin (left) blood smear [9].
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2.2 Modern microscopic interventions

As alluded to in the previous section, although microscopy is the malaria diag-
nosis gold standard, its bulkiness, expense and lab basis are some of the challenges 
that require mitigation. The automated microscopy platform is merited by improved 
and standardised malaria detection. It inherits the benefits of a light microscope and 
also mitigates its challenges and hence yields rapidity, improved scanning area and 
enhanced consistency [10]. Human microscopists are eliminated by the automated 
system. It inherits three reliant elements: sample preparation, digital microscopy 
with automated scanning and a computer vision algorithm that analyses captured 
images [10].

Faizullah et al. [11] proposed an automated convolutional neutral network (CNN) 
model for malaria detection from microscopy blood smear images. Knowledge distilla-
tion, data augmentation, autoencoder, feature extraction CNN model and classification 
support vector machine or K-nearest neighbours (KNN) were used to develop the CNN 
algorithm. The algorithm detected malaria from images with 99.23% accuracy. To enable 
both clinical and field use, it was integrated into a smartphone and backed up on server-
back-up web, to support offline and online applications. Hasan et al. [12] tried different 
models: Adaboost, KNN, decision tree, random forest, support vector machine and 
multinomial naive Bayes on a database of 27,558 cell images. Adaboost, random forest, 
support vector machine and multinomial naive Bayes achieved good results (91%). Yoon 
et al. [8] developed a fully automated microscopic system characterised by a plastic 
chip, fluorescent dye for malarial staining and an image analysing program for detection 
and parasitemia determination. Use of the fluorescent dye as opposed to the Giemsa 
stain afforded rapidity, sensitivity and accuracy. The automated system showed a higher 
degree of linearity and precision in the detection of P. falciparum culture with a limit of 
detection of 0.00066112% (30 parasites/μL) [8].

The bulkiness of the traditional microscopy also negates its field application. 
Cyboloki et al. [13] combined optical principles with origami and fabricated two-
dimensional microscopy, a cheaper alternative to the bulky light microscope. The 
foldscope is assembled from a flat sheet in a few minutes and provides over 2000 x 
magnification with submicron resolution. It alleviates conventional microscopy and 
can be used in the field since it does not use external power.

Microscopy under polarised light is also used to diagnose malaria via hemozoin 
(Hz). Hz is an end product of the malaria proliferation stage. Owing to its interesting 
properties of magnetism and acoustic and optical nature, it is explored as a biomarker 
[3]. Due to its birefringent nature, it is viewed with polarised light microscopy. This 
approach detects 30 parasites/ µ L but is negated by the use of an expensive polarised 
light, complexity and bulkiness [3]. An affordable alternative invention by Pirnstill  
et al. [14] uses optical smartphone-based transmission polarised light microscopy.

3. Spectroscopic malaria detection

3.1 Ultraviolet visible spectrometer

An ultraviolet-visible (UV-Vis) spectrometer is used in the detection of malaria, 
that is, confirming malaria cases via changes in excitation peaks. This system utilises 
nanoparticles such as gold (Au) and silver (Ag) that inherently have strong optical 
absorption, which signal aggregation by red-shift. The nanoparticles in the vicinity 
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of the biomolecules aggregate and hence trigger a measurable change in the optical 
signal [5]. Recently, Adegoke et al. [15] advanced this platform by coupling UV-Vis 
with near-infrared spectroscopy to detect and quantify low parasitemia (1-1x10−6%) 
of ring-stage malaria-infected blood under physiological conditions using a multiclass 
classification.

3.2 Vibrational optical spectroscopies

Vibrational optical spectroscopies study the characteristic vibrational modes of 
molecules. The vibrational modes have specific vibrational frequencies, which are a 
molecule’s characteristic fingerprint. These systems are used to study the molecular 
attributes of biological molecules in biosensing. Fourier transform infrared (FTIR) 
and Raman spectroscopy are complementary vibrational spectroscopic systems 
[16]. Raman spectroscopy has been tried in the detection of malaria focused on 
plasma [17].

An advanced variant of Raman, surface-enhanced Raman spectroscopy (SERS), 
uses plasmonic metallic nanoparticles such as Au and Ag as substrates to enhance 
traditionally weak vibrational peaks. Funing et al. [17] applied SERS to differentiate 
between healthy and P. falciparum-infected RBCs. Ag nanorod arrays were used for 
the SERS effect and direct detection of the parasite was confirmed via SERS spectra. 
The ring stage characteristic peak was at 1599 cm−1, while trophozoite and schizoid 
stages had the same peak and an additional stretching vibration peak at 723 cm−1. 
Thus, the Ag-based SERS platform effectively detected P. falciparum from three 
stages: ring, trophozoite and schizoid.

Mhlanga et al. [18] also explored the SERS platform for the detection and quantifi-
cation of P. falciparum. A labelled SERS detection system that mimics the ELISA sand-
wich was used and it entailed the following elements: a solid SERS substrate alloyed 
with plasmonic Ag and Au, a capture P. falciparum antibody immobilised on the solid 
substrate and detection SERS probe conjugate. The detection conjugate was a plas-
monic nanoparticle (Au/Ag), conjugated to a SERS tag/label and a detection antibody. 
The system was tested on the P. falciparum antigen and WHO malaria non-infectious 
blood specimens with varying levels of parasite density. The SERS immunoassays are 
investigated to be coupled with RDTs [19, 20] and lab-on-chip [21], in preparation for 
field-based application readiness.

Khoshmanesh et al. [22] explored optical attenuated total reflectance Fourier 
transform infrared spectroscopy for detection and quantification of the malaria para-
site ring and gametocyte forms. A detection limit of 0.00001% parasitemia (1 parasite 
μL of blood; p 0.008) was reported.

Machine learning algorithms are also the future of spectroscopic malaria detec-
tion. Although their application is still in its infancy, it will solve a lot of challenges. 
Machine learning algorithms could improve SERS data processing for example 
through calibration multicomponent samples and the identification of interfer-
ences in complex biochemical samples, identifying SERS hotspots and analysing 
complex SERS spectra [23]. Irreproducibility of the SERS substrate is the bottleneck 
for their commercialisation or clinical application. Artificial intelligence algorithms 
are envisioned to mitigate this challenge and yield reproducibility and ultimately 
commercialization.

Nanotechnology is also a platform envisaged to revolutionise diagnostics and 
alleviate some of the challenges. For instance, the SERS prototype suffers from a 
lack of reproducibility. Expansion of SERS substrates from traditional plasmonic 
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nanoparticles to two-dimensional graphitic nanostructures has the potential to 
mitigate irreproducibility and attain uniformity of the SERS hotspots.

Mwanga et al. [24] mobilised both experimental FTIR and machine learning 
algorithms to differentiate malaria positive and negative filter papers containing dried 
blood spots (DBS). For machine learning, the algorithm was trained using a PCR data 
set of 296 patients with 123 positive results and 173 negative PCR results. The trained 
model was evaluated via P. falciparum detection on the DBS. The logistic regression 
yielded 92% accuracy on P. falciparum and 85% on mixed strains.

4. Nuclei-based malaria diagnostics

The nuclei-acid amplification-based test (NAATs) application in malaria detec-
tion surges in high-resourced, clinical care regions. The resourced regions use NAATs 
in epidemiological studies, and in clinical trials for malaria treatment and vaccine, 
as a reference standard in the evaluation of malaria diagnostics and general malaria 
disease management [25]. NAATs in diagnostics offer several advantages: enhanced 
sensitivity (1–20 parasite/μl), multiplexing potential, parasite quantification, spe-
cies differentiation and early detection of the parasite [25, 26]. NAATs excellent 
sensitivity, especially for low parasite density, surpasses those of the gold standards, 
microscopy and RDTs, although WHO still recommends parasite-based tests for 
resource-constrained regions due to affordability [25].

4.1 Polymerase chain reaction (PCR) diagnostics

PCR is focused on the amplification of a small quantity of DNA, into manageable 
and detectable quantities. Performed over three steps, in multiples of 20–40, DNA 
or RNA is replicated to millions of copies. The steps involve the initial denaturation 
of the double-stranded DNA at temperatures around 90–96°C, annealing of prim-
ers (one each for the 3′ and 5′ ends), specific to the DNA sequence to be replicated, 
at reduced temperatures of around 50–65°C and the final elongation/extension 
to complete the DNA strand. The elongation is performed by specialised, high-
temperature functioning DNA polymerase. The most commonly used polymerase 
is extracted from Thermus aquaticus (Taq), with optimum elongation performed at 
72°C [27–31].

Although highly sensitive and specific, PCR is seldom used for malaria detection 
in endemic areas due to its high cost and need for skilled personnel. This makes it 
impractical for use in remote or rural settings [24]. PCR is also able to detect low para-
sitemia values, undetectable through other methods, and can identify the different 
species. In addition, real-time PCR can quantify and track infection load [24]. Due to 
the sensitive nature of PCR, non-invasive testing in other bodily fluids, such as sweat, 
urine, saliva and faeces, has become possible [24].

Homann et al. [32] used the 18S rRNA gene for quantitative PCR (qPCR) towards 
tracking traveller infections over 12 months. In addition, they employed nested PCR 
towards the genotype of the msp2 gene of P. falciparum. They found a limit of detec-
tion of 0.12 and 5 parasites/μl for the qPCR and nested PCR, respectively. Qualitative 
PCR allows for the quantification of a PCR product, usually through the use of a dye 
or fluorophore attached to a common piece of DNA sequence. Nested PCR employs 
two sets of primers, with the first set producing the product to be amplified by the 
second set of primers. This has greatly improved the sensitivity of PCR [33].
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In addition, the use of multiple primers, for various targets, in the form of multi-
plex PCR, has allowed for the simultaneous amplification of a variety of target DNA 
strands, making the process quicker, but also allowing for the detection of various 
species of a Plasmodium for example [34]. Allowing this technique is the preference 
for the diagnosis of multiple malaria species within a single sample [33]. Fitri et al. 
[33] summarised some of the primers used in nested, semi-nested, hemi-nested, 
multiplex PCR and LAMP towards the detection of various Plasmodium species.

Costa et al. [35] developed a droplet digital PCR (ddPCR) method for the detec-
tion of malaria DNA in saliva. They employed a similar technique to qPCR, using 
the same probes and primers and a droplet generator. When compared with other 
sample types (blood and mouth swabs), the ddPCR showed a sensitivity of 73% for 
saliva samples and 99 and 59% for blood and swabs, respectively. Although these 
results show promise, the authors warn that this might be misleading due to the small 
number of DNA samples tested.

4.2 Loop-mediated isothermal amplification

Loop-mediated isothermal amplification (LAMP) is a variant of NAATs that 
proffers simplicity and rapidity as opposed to PCR [26]. It uses the Plasmodium 
species DNA from blood samples to diagnose malaria. The LAMP DNA amplification 
set-up uses four primers: inner (forward and backward), forward and backward 
outer primers that bind on six unique sequences on the target sense and antisense 
strands. The reaction can be catalysed by additional primers, looping forward and 
backward [36]. A loopam™ malaria Pan/pf kit pioneered in Europe, Uganda and 
Zanzibar showed higher sensitivity to infections compared with PCR. Although 
the loopam™ malaria Pan/pf is simple and user-friendly in addition to enhanced 
sensitivity, it is currently expensive and not as simple as RDTs [37].

LAMP can potentially be extended to field testing because its reagents are stable 
at 25 and 37°C [26]. For field applications, LAMP is coupled with other diagnostic 
platforms such as lab-on-a-chip. Safavich et al. [38] comprehensively reviewed the 
techniques towards the development of LAMP-microchip/microdevice.

5. Malaria rapid diagnostic testing

To decrease the burden on traditional diagnostic techniques, the use of rapid 
diagnostic tests (RDTs) for the detection of Malaria (predominantly P. falciparum) 
has become increasingly popular. Its popularity stems from its ease of use, short 
turnaround time and no need for electricity or specialised equipment [39].

Most RDTs function on the same base, where malaria antigen is detected in a 
blood sample that flows through a membrane, to be captured by specific anti-malaria 
antibodies [39], depicted by coloured lines on the membrane surface [40]. These 
products mainly target P.falciparum-specific proteins, such as lactase dehydrogenase 
(LDH), aldolase or histidine-rich protein II (HRP-II) [39]. The pHRP-II protein is 
specific towards the detection of P. falciparum, while the pLDH and Plasmodium 
aldolase are found in all species [40].

Histidine-rich protein II of P. falciparum is water-soluble and produced by 
P.falciparum gametocytes and the asexual stages. It is expressed on the membrane sur-
face of red blood cells and remains in the blood after the treatment onset. Plasmodium 
aldolase is an enzyme expressed during the parasite glycolytic pathway of the blood 
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stages of P. falciparum and non-falciparum malaria parasites. Monoclonal antibodies 
produced against P. aldolase are pan-specific. They have been used in conjunction 
with pfHRP-II, for the detection of pan malarial antigen (PMA) in combined immu-
nochromatographic assays [41].

The soluble, glycolytic parasite lactate dehydrogenase enzyme (pLDH) is pro-
duced by both sexual and asexual stages of the living parasite. The enzyme is present 
and gets released from the erythrocytes infected by the parasite. The enzyme is pres-
ent in all four species of human malaria, with different pLDH isomers for each [41].

Although various reports have mentioned the excellent performance of these 
RDTs, reports of large variation in sensitivity and reliability in malaria-endemic 
countries have led to guidelines developed by the WHO for establishing lot-to-lot 
quality control measures [39]. Although this rapid diagnostic tool seems to be of great 
use to the healthcare worker, it still relies on other methods for disease confirmation, 
infection characterisation and treatment monitoring [39].

As RDTs are immune-chromatographic lateral flow antigen-detection tests, they 
rely on capturing antibodies labelled with a dye to visualise the detection and control 
lines on a nitrocellulose membrane encased in a plastic casing, cassette. For the 
detection of malaria, the dye-labelled antibodies detect the Plasmodium antigen in 
the testing sample. The formed complex is captured by a secondary antibody immo-
bilised on the membrane, resulting in a visible test line. The control line confirms 
the dye-labelled antibody’s integrity, although not its ability to detect the parasitic 
antigen [42].

The test is usually conducted from a finger prick with only around 5–15 μl of 
blood and a total test time of only 5–20 min. As HRP II persists for up to 30 days 
post-eradication of parasitic infection, it is not suggested for monitoring disease 
progression. Disease progression is best monitored by pLDH or aldolase that is 
eliminated quickly, although plasmodial gametocytes also produce pLDH that may 
result in false positives [43, 44].

As the pHRP-II protein detects P. falciparum, pLDH specifically detects either  
P. falciparum or P. vivax or is pan-specific (common to all species). P. aldolase is pan-
specific. The development of an RDT with all these variants allows for the detection 
of only P. falciparum, only P. vivax or any combination [45].

The RDTs do have various diagnostic limitations: 1) the before mentioned pro-
teins cannot distinguish or detect P. ovale, P. malariae or Pheidole knowlesi, 2) some 
P. falciparum species (South America) do not produce the common HRP-II proteins, 
excluding the use of RDTs based on these proteins in those areas, 3) assays containing 
P. falciparum HRP-II (pfHRP-II) proteins, but not pHRP-II, show cross-reactivity with 
Schistosoma mekongi infections, 4) rheumatoid factor and other circulating auto-anti-
bodies can cross-react with some assays, 5) high parasitemia for P. falciparum could 
give false-positive results for a pHRP-II assay meant to detect P. vivax, 6) the RDTs 
cannot determine parasitemia magnitude, while microscopy can, and 7) as HRP-II is 
not cleared from the blood, it cannot be used to monitor therapy effectiveness [45]. 
A list of the commercially available RDTs is available from The Global Fund [46].

To combat these limitations, various groups are working towards the inclusion of 
nanomaterials into the RDTs. Here, the nanomaterials with tuneable size, shape and 
plasmonics increase the selectivity and sensitivity of these point-of-care devices. The 
incorporation of metallic gold, silver, copper and platinum-palladium nanoparticles, 
as well as magnetic iron oxide, silica, ceria nanoparticles and luminescent quantum 
dots, is summarised by Nishat et al. [47]. Au nanoparticles (40 nm) were coupled 
with pfHRP-II towards the development of a biosensor for malaria detection. 
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In another study, Ag nanoparticles were catalysed by Au nanoparticles to enhance 
HRP-II detection [47].

As previously mentioned, the paramagnetic nanoparticle, Hemozoin, is a by-
product and biomarker for the malaria parasite, similar chemically and structurally 
to β-hematin. As hemozoin is more stable, available and cheaper than pfHRP-II, it is 
recommended for use in the RDT development [48].

An ideal RDT should be able to detect a minimum of 100 parasites/μL. Armani  
et al. [49] utilised β-hematin and reported a limit of detection at <8.1 ng/mL in 500 μL 
blood (26 parasites/μL) [48]. Electrochemical sensors employing β-hematin incorpo-
rated CuO, Fe2O3 and Al2O3 nanoparticles. The catalytic activity with Au electrodes 
was shown, with CuO affording consistently low levels of detection (0.83 μg/mL) 
[48]. As mentioned by Noah et al., biosensors have seen little attention, with vast 
potential in not only detecting malaria parasites but also quantifying parasitemia, 
allowing for infection tracking [48].

Ditombi et al. [50] compared four RDTs for malaria and found that all RDTs 
had a sensitivity >95%, with only two tests showing specificity above 85%. With the 
inclusion of the WHO Methods Manual for product testing of malaria rapid diagnos-
tic tests [51], the quality and trust in RDTs improved. Aidoo et al. [52] reported an 
increase in the RDT testing rate for malaria from 36 (2010) to 84% (2018) in sub-
Saharan Africa, with an increase from 100 million supplied malaria RDTs in 2010 to 
348 million in 2019. RDTs have also allowed for increased availability of testing for 
malaria in remote and rural areas [52].

Feleke et al. [53] conducted an immense study on the mutation of P. falciparum to 
evade detection by pfHRP-II RDTs. They found that 28.9% of the samples, positive 

Microscopy RDT PCR

Principle technique Morphological interpretation Antibody and 
antigen-binding

Amplification of 
DNA

Target diagnostic All parasite stages (early 
trophozoite, mature 
trophozoite, schizont and 
gametocyte)

Pf-HRP-II, 
Pf-pLDH, pan-p-
LDH, aldolase and 
Pf-GAPDH

rRNA/ssrRNA small 
subunits, SCIAvar 
gene

Sensitivity ≥5 parasites/μl (Expert), 
50–100 parasites/μl (Average)

50–250 parasites/μl < 5 parasites/μl

Specificity High (difficult to diagnose 
Pheidole knowlesi from single 
and mixed infection)

Moderate (Can 
only identify P. 
falciparum and P. 
vivax

High, specie 
differentiation and 
identification

Time consumption ≤ 60 minutes 10–20 minutes 2–8 hours

Interpretation Quantitative Qualitative Qualitative and 
quantitative

Advantages Direct cost is low, and samples 
can be stored

Fast, simple, 
applicable and 
practical

Requires a tiny 
sample

Disadvantages Specialised equipment, well-
trained staff

Expensive, cannot 
perform drug 
monitoring

Large cost towards 
supplies, machinery 
and staff training

Table 1. 
Comparison of diagnostic methods for Plasmodium species: microscopy, PCR and RDTs [33].
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for P. falciparum, had discordant profiles within the RDT. This links to a pfHRP2/3 
deletion for P. falciparum, making them only detectable through LDH-based RDTs.

6. Conclusion

Malaria remains problematic for both endemic and non-endemic WHO regions. 
Non-endemics regions due to globalisation and travelling are at risk of importing 
malaria cases. Malaria disease management is mandatory in the endemic regions and 
include efficient diagnostics and treatment. The detection assays for malaria should 
inherently be affordable, rapid, specific, sensitive and simple for low-resourced 
regions. Table 1 comprehensively compares the available malaria detection platforms: 
microscopy, RDTs and PCR. PCR remains superior in its ability to detect sub-5 μL 
parasite values, with differentiation between all known Plasmodium species. It takes 
longer than microscopy, where 5 μL parasitemia can still be detected by advanced 
microscopists, but both still require highly skilled personnel and laboratory equip-
ment. Currently, RDT, although with low sensitivity, remains a better option for 
low-resourced regions merited by detection limit at least 10x higher than microscopy 
and PCR, and simplicity and POCT usability without specialised equipment [33]. 
Artificial intelligence, nanotechnology and multimodal systems are envisioned to 
transform malaria diagnostics, especially in the mitigation of challenges associated 
with the different diagnostics.
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Abstract

Malaria is an acute febrile illness that is caused by infection with Plasmodium 
spp. parasites. Malaria is a serious illness and sometimes it may be fatal resulting in 
mortality and morbidity. The clinical picture painted in patients with malarial infec-
tion occurs following the release of the merozoites into the bloodstream following the 
rupture of infected red cells. In the infection with the P. falciparum, the commonest 
form affecting humans, all stages of red cells are infected making the infection quite 
severe as compared to infection with other species which infects the old and young 
red cells only which contributes to a small percentage of red cells. In this chapter, the 
Authors review the current knowledge about Malaria epidemiology, pathogenesis 
and anatomic pathology. The diverse clinical pictures as well as the association with 
genetic conditions and diseases are discussed.

Keywords: malaria, plasmodium malariae, pathology, histology, gross and microscopic 
pathology, cerabral malaria, pathogenesis

1. Introduction

Malaria is an acute febrile illness that is caused by infection with Plasmodium 
spp. parasites. Malaria is a serious illness and sometimes it may be fatal resulting in 
mortality and morbidity.

There were an estimated 241 million malarial cases in 2020 higher than malarial 
cases in 2019 (227 million cases), a difference of 14 million cases. The rise in malarial 
cases is thought to be associated with the COVID-19 pandemic, that led to service 
disruption. The case incidence of malaria from 2000 has declined from 81 per 1000 
populations at risk to 56 per 1000 populations at risk. However, in 2020 the case 
incidence has increased to 59 per 1000 populations at risk. Globally, death due to 
malaria in 2020 is reported at 627000 which is a rise as compared to the trends in 
malaria death that has a seen a drop from 896,000 cases in 2000 to 558,000 cases in 
2019. It is estimated that 68% (47,000 cases) of the additional deaths due to Malaria 
are attributed to disruption of services following COVID-19 pandemic. Globally, 
the malaria mortality rate as of 2020 is 15 per 100,000 population at risk which 
is higher compared to 2019 which was 14 per 100,000 population at risk. Among 
children under 5 years, the mortality rate in 2020 increased to 77% as compared to 
76% in 2019. Globally, 96% of the malaria cases and deaths were from 29 out of 85 
countries with malaria-endemic. Nigeria (26.8%), the Democratic Republic of Congo 
(12.0%), Uganda (5.4%), Mozambique (4.2%), Angola (3.4%), and Burkina Faso 
(3.4%) account for 55% of the cases globally. Half of the mortality cases were from 
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Nigeria (31.9%), the Democratic Republic of Congo (13.2%), The United Republic 
of Tanzania (4.1%), and Mozambique (3.8%). The WHO African region accounts for 
95% of the malarial cases and 96% of the malarial deaths. In the African region, 80% 
of the cases are among children under 5 years. In Africa, the number of malaria cases 
in 2020 is 233 per 1000 populations at risk higher than in 2019 at cases per 1000 popu-
lation cases. The South-east Asia region accounts for 2% of the malaria cases globally 
among the nine malaria-endemic countries in 2020. India accounts for 83% of malaria 
cases due to infection by Plasmodium vivax. The WHO Eastern Mediterranean Region 
accounted for 5.7 million cases in 2020 with the increase seen in Sudan, Somalia, and 
Djibouti. P. vivax accounted for about 18% of the cases mainly in Afghanistan and 
Pakistan. In WHO western Pacific region contributed to 1.7 million cases with an 
increase of 19% from 2019 cases. The malaria death increased to 3200 death in 2020 
as compared to 2600 in 2019. WHO region of Americas registered a reduction in the 
case incidences by 58% between 2000 and 2020 with a resultant reduction in malaria 
death by 56% since 2000. Most of the cases in this region were due to P. vivax. In 
WHO European region, there has been free of malaria cases since 2015 with the last 
case reported in 2014 in Tajikistan with no malaria death from 2000 to 2020.

There are attempts globally to eliminate malaria in different countries. According 
to WHO a country is declared malaria-free following at least 3 consecutive years with 
zero indigenous cases. Islamic Republic of Iran and Malaysia reported zero indigenous 
malaria cases for the third consecutive year and while Belize and Cabo Verde for the 
second consecutive time. China and El Salvador were certified malaria-free in 2021 
following 4 years of zero malaria cases [1].

1.1 Plasmodium

Plasmodium was first described in the late nineteenth century by Charles Laveran 
and over time, many species have been discovered. Plasmodium is a unicellular 
eukaryote that cannot survive outside the host (obligate parasite). The parasite affects 
different hosts such as reptiles, birds, and mammals and it requires an insect host of the 
genera Culex and Anopheles. In humans, P. vivax, Plasmodium falciparum, P. malariae, 
P. ovale and Plasmodium knowlesi are the most common species affecting humans. P. 
falciparum is the most lethal infection in humans resulting in thousands of deaths.

1.2 Lifecycle of palsmodium

The life cycle of plasmodium involves distinct stages in the mosquito and verte-
brate host. The life cycle can be divided into the sexual phase that occurs in the insect 
and the asexual phase while inside the vertebrate host.

Upon taking the blood meal, the female anopheles mosquito releases the sporozoites 
into the bloodstream of an individual. The sporozoites enter the circulation and they 
attach and enter the hepatocytes through receptors for serum proteins thrombospondin 
and properdin. In the hepatocytes, sporozoites mature into schizonts. Schizonts are 
the multinucleated staged cells that form during asexual reproduction. The schizonts 
in the hepatocytes mature and enlarge which causes the hepatocytes to rupture and 
release thousands of merozoites into the circulation. For P. vivax and P. ovale, some 
schizonts remain in liver cells in the dormant stage called hypnozoites that are respon-
sible for relapses by invading the bloodstream weeks or years later. Upon release of the 
merozoites into the bloodstream, they invade the erythrocytes for the formation of 
erythrocytic schizogony. The merozoites bind to sialic acid residue on the glycophorin 
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molecule on the surface of the red cells and enter through active membrane penetration 
aided by a lectin-like molecule. The merozoites undergo asexual multiplication in the 
infected red cells to form trophozoites characterized by a single chromatin mass. The 
trophozoite develops into ring-shaped trophozoites and later on forms schizonts with 
multiple chromatin masses. Some trophozoites differentiate forming male and female 
gametocytes. The infected red cells rupture to release the merozoites into the blood-
stream alongside the products of the red cells that are responsible for some of the clini-
cal presentation. The female anopheles mosquito as it feeds on human blood to nourish 
its eggs, it ingests the merozoites and gametocytes from the infected host. The male and 
female gametocytes in the mosquito are known as the sporogonic cycle. In the mosquito 
stomach, the male and female gametocytes (microgamete and macrogametes) form the 
zygote. The zygote after some time becomes motile and elongated forming ookinetes. 
The ookinetes invade the midgut wall of the mosquito to transform it into an oocyst. 
The oocyst grows over time and ruptures to release sporozoites which migrate into the 
salivary gland awaiting inoculation into the new host following a blood meal.

2. Malaria pathogenesis and pathophysiology

The clinical picture painted in patients with malarial infection occurs following 
the release of the merozoites into the bloodstream following the rupture of infected 
red cells. The malaria parasite has a wide variety of symptoms which ranges from 
absent or very mild symptoms to severe cases and even death. Owing to this the infec-
tion is categorized into uncomplicated malaria and severe malaria. The incubation 
period varies depending on the individual factors and the species of plasmodium. The 
incubation period is the period of the introduction of the sporozoites to the develop-
ment of the first symptoms. The incubation period varies from 7 to 30 days. However, 
P. falciparum has a short incubation period while P. malariae has a longer period.

The release of the merozoites from the rupture of the liver cells infects the red 
cells. In the infection with the P. falciparum, all stages of red cells are infected mak-
ing the infection quite severe as compared to infection with other species which 
infects the old and young red cells only which contributes to a small percentage 
of red cells. The malarial parasites while in the red blood cells derive their energy 
primarily from the red cells. They can metabolize 70 times faster as compared 
to the red cells resulting in hypoglycemia and lactic acidosis. The rupture of the 
infected red cells releases the merozoites alongside the waste and toxic substances 
from the red cells. The released merozoites infect other healthy red cells in the 
circulation. Since the infected red cells are destroyed, and red cells are destroyed 
every time the merozoites infect new red cells, the patient experiences intravas-
cular hemolysis. Intravascular hemolysis results in worsening anemia requiring 
immediate treatment and transfusion in a patient with very low hemoglobin levels 
(<5 g/dL). The intravascular hemolysis results in the production of hemoglobin 
that causes the urine to change and appear as dark colored in the patient. The intra-
vascular hemolysis also causes an increased amount of yellow discoloration due to 
overloading the ability of the body to conjugate bilirubin causing jaundice on the 
sclera and mucous membrane and skin. The released products and toxic substances 
in ruptured red cells cause the body to release cytokines such as tumor necrosis 
factor (TNF) which contributes to fevers. An increase in body temperature results 
in sweating and chills. The merozoite surface antigen being foreign to the body as 
well evokes immune responses that lead to the production of the cytokines. These 
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cytokines such as TNF, Interferon-gamma, and Interleukin-1 have the potential of 
suppressing the red blood cell production thus reducing the restoration of hemo-
globin concentration, increasing fever, stimulating reactive nitrogen species pro-
duction that causes tissue damage, and inducing endothelial receptor expression of 
P. falciparum erythrocyte membrane protein 1 (PfEMP1) which is responsible for 
sequestration. These cytokines as well irritate the vomiting centers resulting in the 
vomiting as part of clinical presentation.

The infected red cells appear sticky and adhered to the blood vessels causing obstruc-
tion of the blood flow and causing ischemia in the affected areas and organs. The sticky 
red cells as well clump together forming a rosette that if large enough have the potential to 
obstruct blood flow in major blood vessels. In addition, several proteins such as PfEMP1 
contribute to the attachment of red cells on the endothelium leading to sequestration. The 
PfEMP1 bind to the endothelial cells through CD36, thrombospondin, VCAM1, ICAM1, 
and E-selectin. The sequestration of the red cells in the blood vessel endothelium and the 
ability of the body to take away damaged red cells mostly occur in the spleen contributing 
to splenomegaly in some patients. Sequestration of the red cells, and destruction of the 
red cells leading to anemia coupled with obstruction of blood flow results in the reduction 
of tissue perfusion causing fatigue, general body weakness, and ischemia.

2.1 P. falciparum

P. falciparum is responsible for most malarial cases, especially in the WHO African 
region. The parasite can infect red blood cells of all ages thus resulting in high parasitemia 
as compared to P. ovale and P. vivax which infect only young red cells. High parasitemia 
results in severe hemolysis that causes hemoglobinuria which has the potential of dam-
aging the kidneys and causing renal failure worsening the prognosis. Infection with P. 
falciparum has the specific property of sequestration. The organisms exhibit adherence 
properties that result in sequestration of the parasites in small post-capillary vessels. 
Through sequestration of the parasite, the patient may develop an altered mental state and 
even a coma. Infection with P. falciparum is associated with a high burden of cytokines 
released by the body which in addition to high parasitemia resulting in end-organ failures. 
End organ disease specifically involves the central nervous system, lungs, and kidneys.

2.2 P. vivax

P. vivax infects the immature red blood cells only thus associated with limited 
parasitemia. However, due to the presence of hypnozoites in the liver lying dormant, 
50% of the infected patients experience relapses within a few weeks to 5 years follow-
ing the initial illness. The relapses decrease in periodicity and intensity over time.

2.3 Plasmodium ovale

P. ovale infects only the immature red cells and thus has limited parasitemia than 
P. falciparum. The infection is less severe as compared to P. vivax and often resolves 
without treatment. Due to the presence of hypnozoites in the liver, relapses may occur.

2.4 Plasmodium malariae

P. malariae species have a longer incubation period and therefore the patient 
may remain asymptomatic for a longer duration. Recrudescence is quite common 
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in a patient infected with P. malariae. In addition, P. malariae is associated with the 
deposition of the antibody–antigen complexes on the glomeruli damaging the base-
ment membrane to cause nephrotic syndrome.

2.5 P. knowlesi

The infection of P. knowlesi should be treated aggressively just as patients with P. 
falciparum as it causes fatal disease. It was identified in Malaysian Borneo, Thailand, 
Myanmar, Singapore, the Philippines, and neighboring countries.

3. Genetic factors and malaria

Genetic factors play a crucial role in influencing malaria infection. Two biological 
characteristics identified in protecting the certain type of malaria are sickle cell trait 
and negative for Duffy blood group [2].

Individuals with sickle cell traits are relatively protected from infection by P. 
falciparum. Sickle cell traits are individuals with heterozygous for abnormal hemo-
globin gene S. The individuals have one copy of the abnormal hemoglobin gene HbS 
and a copy of normal hemoglobin gene HbA. P. falciparum cannot survive in the red 
cells with HbS conferring protection to individuals. The presence of sickle cell traits 
is mainly in areas with a high prevalence of P. falciparum in the WHO African region. 
According to the cohort study, the presence of the sickle cell trait confers 60% of the 
protection against overall mortality with the protection occurring between 2 and 
16 months of life, before the development of the immunity.

People who are negative for the Duffy blood group have shown to be resistant to 
infection with P. vivax. The P. vivax infection is rare in West Africa because of the 
presence of Duffy-negative individuals that confer protection against the infection. P. 
ovale which can infect the Duffy negative red cells predominates in this setting.

Blood cell dyscrasias such as hemoglobin C. thalassemia and G6PD deficiency are 
prevalent in the malaria areas which confer protection against the infection.

4. Acquired immunity against malaria infection

Acquired immunity influences malaria infection in individuals and communities. 
Through repeated infection, an individual develops partially protective immunity. 
Despite the acquired immunity, the individuals may get infected by the malaria parasite 
but the severity of the illness will be less ad they may lack the typical symptoms. The 
acquired immunity allows the individual to mount the immune response to the presence 
of the parasite in the circulation leading to a reduction in the severity of the infection. 
The areas that have a high malarial infection such as P. falciparum in the south Saharan 
region in Africa have individuals with acquired immunity. The mother who has repeated 
infection with P. falciparum can confer protection to the newborn. While the newborn is 
in-utero, the maternal antibodies are transferred through the placenta to the fetus which 
confers protection to the newborn up to the first few months of life. After the reduction 
of the maternal antibodies in the circulation, the young children become susceptible to 
infection leading to an increase the infection. If the children survive the repeated infec-
tion to an older age of about 2–5 years, they attain acquired immunity. Owing to the 
acquired immunity in the areas of high transmission such as the WHO African region, 



Malaria - Recent Advances and New Perspectives

34

there is increased mortality affecting the young population (90% of the mortalities 
were children in 2020 mortality cases) with less mortality affecting the adults. In areas 
where there is lower transmission such as Asia and Latin America, infection is minimal 
and few individuals are exposed to repeated infection. The individuals do not develop 
acquired immunity. Following the lack of acquired immunity, a larger proportion of the 
older children are as well affected by the epidemic of malaria infection.

5. Sickle cell disease and malaria

Despite the presence of sickle cell trait conferring protestation against malarial 
infection over the healthy population, the presence of sickle cell disease does not 
confer any protection. Sickle cell disease occurs when the individual has a mutation 
in both alleles resulting in homozygous HbS. Sickle cell disease carries the worst 
prognosis with infection by the malarial parasite, especially P. falciparum. The worst 
prognosis contributed to the reduced half-life of sickled red cells and increased ability 
to undergo sequestration. Coupled with hemolysis and reduced hemoglobin concen-
tration among the sicklers, they easily undergo severe anemia and severe hypoxia 
which worsen sickling and obstruction of the blood vessel resulting in end-organ 
disease. Sickle cell disease does not tolerate infection with malaria infection requires 
immediate and aggressive management to improve the prognosis [2–4].

6. Clinical features of cerebral malaria

Cerebral malaria is the most severe neurological complication that arises following 
infection with P. falciparum. It is estimated that annually, 575,000 cases of children in 
the sub-Saharan region are affected by cerebral malaria. According to WHO, cerebral 
malaria refers to the clinical syndrome where there is coma at least 1 hour after ter-
mination of seizure or correction of hypoglycemia and presence of parasitemia for P. 
falciparum on the peripheral blood smear with other causes evident to causing coma. 
Loss of consciousness is the hallmark of cerebral malaria with coma being the most 
severe presentation. However, for a diagnosis of cerebral malaria to be made, the patient 
should have no other cause of coma such as viral encephalitis, metabolic disorder, and 
poisoning among others. Apart from the altered mental status, cerebral malaria may be 
followed by progressive weakness and prostration. In adults, cerebral malaria presents as 
one of the organ failures following end-organ disease with severe P. falciparum infection.

The development of cerebral malaria following infection with P. falciparum occurs 
in cases of high parasitemia. It is thought that infected red cells are sequestrated 
through the attachment on the endothelium that causes occlusion of the cerebral 
capillaries. This coupled with sequestration of the parasites cause reduction in blood 
circulation in the microvasculature resulting in a decreased supply of nutrients and 
oxygen. The obstruction of the blood flow shuts down energy production which is 
needed to maintain the blood–brain barrier. As a result, ischemia ensues and there is a 
neuronal alteration that causes cerebral swelling and increased the cerebral intracra-
nial pressure. This leads to altered consciousness and retinal changes. The damage to 
the blood vessels as well leads to intracranial hemorrhage the leads to altered mental 
status. Cytokines and chemokine are also described as through a complex role in pro-
tecting and posing harmful effects in the pathogenesis of cerebral malaria. Schizogony 
triggers pro-inflammatory cytokines that may contribute to cerebral malaria while 
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anti-inflammatory cytokine poses protective benefits. Unlike in bacterial and viral 
infections, altered mental status following P. falciparum infection does not result from 
the presence of the parasite in the brain parenchyma but due to cerebral occlusion that 
causes end ran tissue damage due to disruption of brain parenchyma.

Cerebral malaria is fatal and without treatment, the mortality rates increase expo-
nentially. In children treated with intravenous antimalarial medication, the mortality 
is about 5–20%. However, despite the recovery, many children sustain significant 
brain injuries. About 11% have gross neurological deficits which may improve with 
time while 25% have long-term impairments, especially in cognition, motor, and 
behavior domain. About 10% develops epilepsy. The risk factors include seizures, 
deep and prolonged coma, intracranial hypertension, and hypoglycemia.

7. Congenital malaria

Congenital malaria refers to the infection with malaria parasite present in the 
peripheral smear of the newborn from 24 hours to 7 days of life. It is thought that the 
parasite can infect the placenta and gain access to fetal circulation. Congenital malaria 
is rare but it is fatal if not detected earlier in newborns. However, in areas where malaria 
is endemic, congenital malaria is rare as compared to other areas. This is because, 
in malaria-endemic areas, the maternal have had repeated attacks thus developing 
acquired immunity. The antibodies in the maternal circulation are therefore protected 
against the development of congenital malaria and protection in the early stages of life. 
The occurrence of congenital malaria is at 0.3% in the immune mothers and 7.4% in the 
non-immune mothers. The symptoms of congenital malaria occur within 10 to 30 days 
of life. They include fever, anemia, and splenomegaly in most cases. Other presentations 
may include hepatomegaly, jaundice, loose stool, and poor feeding among others. Since 
this presentation mimics most conditions in the neonates such as neonatal jaundice and 
neonatal sepsis, the diagnosis is often missed leading to mortality and morbidity [5, 6].

Congenital malaria is of concern among neonates. Given that the parasite is pres-
ent in utero, the human body learns to recognize the parasite as self, contrary to the 
normal case where the parasite is considered an antigen to cause activation of immune 
responses. The parasite, therefore, can multiply and cause damage to red cells without 
evoking immune responses as in the case of a healthy individual. Therefore, the new-
born experience excessive hemolysis and resultant organomegaly. Lack of the ability 
to recognize the parasite as an antigen coupled with an immature immune system 
allows the parasite to multiply necessitating immediate treatment to improve the 
outcome among the neonates. Owing to intravascular hemolysis, the neonates present 
with anemia and splenomegaly which are the most common forms of presentation. 
Intravenous antimalarial medication is essential in management [5, 6].

8. Gross and microscopic pathology

8.1 Bone marrow

P. falciparum infection demonstrates dyserythropoietic with iron sequestration 
and erythrophagocytosis, especially in the acute phase. The dysthrombopoeisis has 
large atypical megakaryocytes and giant platelets. The defect is present for up to 
3 weeks after infection resolution.
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8.2 Spleen

Splenic enlargement is one of the findings of all types of malaria. However, with 
P. falciparum, the spleen may not be palpable even though splenomegaly is one of the 
earliest signs of malaria. In the initial stage, grossly, the spleen enlarges, round and 
hard on palpation but tender. As the disease progresses, it becomes larger and harder 
but less tender. Splenic enlargement results from the engorgement of blood vessels 
initially, with oedema of the pulp in the initial cases. However, later there is lymphoid 
and reticuloendothelial hyperplasia and increased hemolytic and phagocytic func-
tion. Pulp sclerosis and dilated sinuses occur due to relapses. Splenic rupture occurs 
in some cases of malarial infection due to rapid and considerable enlargement, and it 
poses a serious complication, especially in primary malaria episodes. Splenic rupture 
has been found less likely in chronic splenomegaly due to fibrosis and peri splenitis.

Tropic splenomegaly syndrome is characterized by marked enlargement of the 
spleen with a spleen weighing 2–4.4 kgs. Usually seen among the adult population in 
Africa and India, presenting with a huge spleen. The spleen demonstrates marked 
hyperplasia of lymphoid with dilated sinuses. With splenomegaly, there is increased 
phagocytosis of red and white cells, and the patient has a picture of anemia, leucope-
nia and thrombocytopenia, though the general health is well maintained. There may 
be concomitant enlargement of the liver with lymphoreticular infiltration of sinu-
soids. The patients have high levels of IgG and M against malaria. However, the use of 
antimalarial medication reduces the splenic size [7, 8].

Treatment of malarial infection results in splenic regression, usually within weeks, 
but the duration may be protracted with large fibrotic spleen secondary to repeated 
malaria, though complete involution is common. The patient undergoing splenec-
tomy has a risk of latent infection reactivation since the spleen plays a crucial role in 
the immune response against malaria.

8.3 Liver

In malarial infection, hepatomegaly also occurs in the early stages. The liver is 
enlarged, firm and tender. It may appear brown, gray or black following malaria pig-
ment deposition. Microscopically, there is oedema and dilatation of hepatic sinusoids 
containing hypertrophied Kupffer cells and parasitized red cells. In severe malarial 
cases, shock and disseminated intravascular coagulation result in small areas of 
centrilobular necrosis. Prolonged infection results in stromal induration and diffuse 
proliferation of fibrous connective tissue, but changes of cirrhosis are absent [7, 8].

P. falciparum affects mesenchyma and hepatocytes, causing malarial hepatitis due to 
functional changes. Malarial hepatitis is characterized by conjugated hyperbilirubine-
mia, increased levels of transaminase and alkaline phosphatase. Severe infection with P. 
falciparum is due to hepatocellular damage due to impaired local microcirculation.

In repeated infection, there is significant hepatomegaly with associated spleno-
megaly, but no functional abnormality exists. Despite prolonged malarial infection 
having diffuse fibrous connective tissue proliferation, malaria is not a proven cause of 
liver cirrhosis.

8.4 Lungs

Acute pulmonary oedema may occur in a patient with P. falciparum infec-
tion, presenting as a rare but fatal complication. It occurs due to impairment in 
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microcirculation, with capilarying showing endothelial lesions and perivascular 
oedema. The edematous endothelium results in the narrowing of the lumen. In 
addition, microscopically, pulmonary vascular, capillaries, and venule show diffuse 
inflammatory and parasitized red cells. Interstitial oedema and hyaline membrane 
formation may also be seen [7, 8].

8.5 Cardiovascular system

Cardiovascular functioning is deranged with malarial infection, especially during 
the paroxysmal episode. There is peripheral vasodilation causing decreased blood 
pressure and postural hypotension, tachycardia, transient systolic murmur, muffled 
heart sound and occasional cardiac dilatation. In the patient with pre-existing cardiac 
dysfunction, malarial infection aggravates the dysfunction leading to fatal cardiac 
failure. The microcirculation changes involve myocardial capillaries congestion with 
lymphocytes, plasma cells and parasitized red cells. Pigment-laden macrophages are 
also seen microscopically [7, 8].

8.6 Gastrointestinal system

Malaria may manifest with abdominal symptoms such as nausea, vomiting, 
anorexia, abdominal distension and epigastric pain in the acute phase. Nausea and 
vomiting are usually central in origin. In addition, the patient may have watery 
diarrhea, mimicking gastroenteritis or cholera. Some patients may experience severe 
abdominal colic mimicking appendicitis and acute abdomen.

P. falciparum infection results in impaired splanchnic microcirculation, causing 
bowel ischemia, necrosis and ulceration. In addition, there is mucosal oedema which 
hampers absorption. These changes may also lead to the absorption of toxins and 
precipitate septic shock [7, 8].

8.7 Kidneys

Kidneys may be affected during malarial infection. Acute diffuse malarial nephri-
tis rarely occurs with patients exhibiting hypertension, oedema and albuminuria. 
However, albuminuria alone is common during an acute attack. P. malariae may lead 
to nephrotic syndrome, described as Quartan malaria nephropathy. It is an immune-
mediated nephropathy characterized by oedema, hypertension and albuminuria, 
occurring weeks after infection [7, 8].

Severe disease with P. falciparum causes acute renal failure in 0.1–0.6% of the 
patients. Impairment in microcirculation associated with severe P. falciparum infec-
tion leads to anoxia, sebsequate glomeruli, and renal tubule necrosis. Disseminated 
intravascular coagulation may worsen acute renal failure.

8.8 Central nervous system

As mentioned, the CNS presentation is due to the dissemination of malarial 
parasites into the brain, paroxysmal fever and side effects of antimalarial drugs. The 
patient presents with headache, vomiting, delirium, anxiety and restlessness during 
fever paroxysms, with symptoms resolving once the fever normalizes. Chloroquine, 
quinine, mefloquine and halofantrine can lead to vertigo, restlessness, hallucinations, 
confusion, delirium, tinnitus, dizziness, convulsions and sometimes frank psychosis. 
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Figure 1. 
Liver and Spleen Malaria. Gross pathology of the liver and spleen At the top of this picture are the spleen (left) 
and liver (right) from an autopsy of a child. They show a normal spleen and liver appearance. At the bottom of 
the picture are the spleen and liver from the autopsy of a child who died of malaria, which are a darker color than 
the normal organs. The dark color comes from extreme congestion and heavy deposition of haemozoin. (From: 
P. falciparum malaria: liver and spleen. Welcome Collection. CC0 1.0 Universal).

Figure 2. 
Gross pathology of cerebral malaria. The vast majority of cases, regardless of diagnosis, showed brain swelling 
with flattened gyri and narrowed sulci (A). In this example, the brain has the classic “slate gray” to “purple” 
appearance of CM which is possibly due to malaria pigment within vessels (A). The cerebellum had petechial 
hemorrhages in both the gray and white matter and thus, visible on the surface grossly (B). In the classic CM2 
appearance, petechial hemorrhages are seen diffusely in the white matter throughout the brain (C). A higher 
magnification demonstrates the abrupt transition from white to gray matter and the lack of hemorrhages in the 
gray (D). From Milner et al. [9].
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Quinine is associated with hypoglycemic coma, while artemisinin cause brainstem 
dysfunction based on animal studies [7, 9].

P. falciparum in CNS causes cerebral hypoxia and anoxia through impairing 
microcirculation as the parasitized red cells have decreased deformability and 
increased cytoadherence, causing occlusion of microcirculation. Malarial encephalitis 
and meningoencephalitis arise due to cerebral anoxia, the development of malarial 
granulomas and punctate hemorrhages [9].

Macroscopically, the brain is usually edematous during the autopsy, appearing 
leaden or plum colored with a cut surface slatey gray hue. The sulci are narrowed, 
and the gyri flattened due to brain swelling. The small blood vessels are congested 
with parasitized red cells. Mature forms of parasites including schizonts are found 
in brain biopsies. The large vessels demonstrate evidence of margination, where 
the parasites are arranged in a layer along the endothelium. Despite this, the 

Figure 3. 
Histological features of cerebral malaria. The abrupt transition from gray to white matter (A) and the presence 
of ring hemorrhages are demonstrated in this classic case of CM (CM2, 100X, H&E). The cerebellum (B) with 
ring hemorrhages in all levels including white and gray matter are shown (100x, H&E). Visibly congested blood 
vessels (C) even at low power may be the result of dense sequestration downstream; these vessels can contain both 
parasitized and uninfected red bloods (200X, H&E). The classic appearance of a ring hemorrhage with fibrin 
(D) is shown; these hemorrhages can also include pigmented parasites, free pigment, and admixed fibrin within 
the microvessel at the nexus of the lesion; uninfected erythrocytes constituting the surrounding hemorrhage are seen 
(400X, H&E). Two examples of sequestration showing predominantly early (less pigmented) parasites (E), and 
late stage (more pigmented) parasites (F) densely packing vessels (1000X, H&E). From Milner et al. [9].
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endothelium also shows pseudopodial projections, which may be in close apposition 
to the knobs on the surface of parasitized red cells. There is numerous petechial hem-
orrhage proximal to the occlusive plug of end arterioles in the white matter. The ring 
hemorrhage is diffuse in the brain with hemorrhage containing fibrin, pigmented 
parasites, free pigments and admixed fibrin. The uninfected red cells are seen in 
surrounding hemorrhage. Diirck’s granulomata may be seen in areas of hemorrhage 
characterized by a small collection of microglial cells surrounding an area of demy-
elination. In addition, the brain demonstrates the abrupt transition from gray to 
white matter which, together with ring hemorrhage, are classical findings of cerebral 
malaria (Figures 1–3) [9].
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Chapter 4

The Submicroscopic Plasmodium 
falciparum Malaria in Sub-Saharan 
Africa – Current Understanding of 
the Host Immune System and New 
Perspectives
Kwame Kumi Asare

Abstract

The bottlenecks in malaria infections affect malaria control and eradication  
programs. The gaps in the relationships between stages specific parasites molecules and 
their effects in the various stages of malaria development are unknown. The challenge 
hampers the wholesome understanding of policies and programs implemented to 
control and eliminate malaria infections in the endemic areas. Submicroscopic malaria 
and its transmission dynamisms are of interest in malaria control programs. The role 
of various stages of natural protective immunity in submicroscopic malaria infections 
and the insight into the collaborative role of antibodies from antigens for maintain-
ing lower and submicroscopic malaria could provide a relevant guideline for vaccine 
developments. The chapter discusses the roles of mosquito and malaria antibodies in 
maintaining submicroscopic P. falciparum infection and its transmission potentials 
in malaria-endemic areas and the new perspectives on the inter-relatedness of stage-
specific antibodies to improve malaria control programs in Sub-Saharan Africa.

Keywords: Malaria, Plasmodium falciparum, Anopheles gambiae, stage specific 
immunity, Submicroscopic infection, gSG6-P1, PfCSP, PfEBA175, Pfs230

1. Introduction

Malaria is a protozoan disease of global health importance. Malaria affects 
about 241 million people with 627,000 deaths [1–3]. The majority of malaria cases 
and deaths occur in Sub-Saharan Africa [4]. The malaria eradication campaign has 
marked reductions in malaria morbidity and mortality [2, 5]. The eradication is chal-
lenged by the recent stall gains achieved in malaria control programs [6, 7].

Malaria infection is initiated and transmitted during a blood meal by an infected 
female Anopheles mosquito [8]. The mosquito injects saliva containing sporozoites 
for liver invasion and liver-stage merozoites development and subsequent raptur-
ing and infection of the red blood cells (RBCs) [9, 10]. The blood-stage merozoites 
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undergo several rounds of replication and reinvasion of RBCs; a small proportion of 
the merozoites form the sexual stage gametocytes (male and female gametocytes) 
are required for malaria transmission from humans to mosquitoes to complete the 
parasite life cycle (Figure 1) [11–15].

The malaria parasites employ several parasite antigens (parasite proteins) 
for initial recognition and reversible attachment, reorientation and irrevers-
ible attachment, and final tissue or cell invasion and development [16–18]. The 
circumsporozoite protein (CSP), erythrocyte membrane protein 1 (PfEMP-1), 
repetitive interspersed family proteins (RIFINs) and ookinete surface antigen 
(Pfs230) are exposed to the host immune system to induce complex immune 
response at each stage of the parasite development [19–21]. Other factors such 
as malaria control strategies (treatment, vector control strategies), malaria 
distribution, epidemiological factors and chronic malaria infections account for 
low parasite density and submicroscopic malaria infections in malaria-endemic 
populations [22–27].

Figure 1. 
Life cycle of malaria parasite. In the pre-erythrocytic stage: Plasmodium falciparum-infected Anopheles 
mosquito bites a human and transmits sporozoites into the bloodstream. Sporozoites migrate through the dermis 
and bloodstream to invade hepatocytes; divide to form multinucleated schizonts. Erythrocytic phase: The liver 
stage schizonts rupture and release merozoites into the circulation and subsequent invasion into red blood cells. The 
merozoites mature from ring forms to trophozoites to multinucleated schizonts. Some merozoites differentiate into male 
or female gametocytes. Anopheles mosquito ingests gametocytes into the midgut, where it develops into sporozoites.
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2. The submicroscopic Plasmodium falciparum malaria

Submicroscopic malaria is Plasmodium parasite infections below the detection 
limit of microscopy [28]. Large numbers of falciparum malaria go undetected by 
the current point-of-care diagnostic (POC) techniques due to the low sensitivity of 
microscopy and rapid diagnostic test (RDTs) [28–30].

Human malaria, Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, 
Plasmodium ovale and Plasmodium knowlesi; Plasmodium falciparum malaria is the 
most virulent species that subvert the host physiology, results in severe complications 
such as cerebral malaria, severe anaemia, and respiratory distress and causes most 
deaths [31]. However, estimating the malaria burden and transmission intensity 
caused by P. falciparum in highly endemic Sub-Saharan Africa is essential for malaria 
control and eradication efforts [32, 33].

The undetected malaria infections serve as a reservoir and prominent contributor 
to malaria transmission [34, 35]. The underlying mechanisms for residual submi-
croscopic parasitaemia or gametocytaemia and its transmission dynamics are poorly 
understood. Thus, submicroscopic P. falciparum gametocyte densities could result in 
mosquito infections and maintain malaria transmission in the endemic communities 
[35]. A recent study showed that diagnosed and treated malaria-infected individuals 
had higher submicroscopic prevalence 30 days after treatment [36]. The low P. falci-
parum malaria infections in endemic Sub-Saharan Africa are associated with partial 
humoral immunity in the population [37–39].

3. Humoral antibody immunity to malaria

Acquisition of antibodies in P. falciparum malaria infection reduces parasitaemia 
and the risk of severe and mild malaria cases [40, 41]. The mechanisms such as 
antibody-dependent cellular inhibition (ADCI) and antibody-dependent cellular 

Figure 2. 
Stage-specific development of IgG antibodies in P. falciparum malaria and their functional roles.
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cytotoxicity (ADCC) play a role in malaria infection [42]. The hyperimmune 
immunoglobulin G (IgG) and the predominant isotypes (IgG1, IgG2 and IgG3) in 
malaria-endemic areas have lower parasitaemia and lower risk of malaria attack 
[43–45]. The natural immunity to malaria develops gradually and is hyper-polymorphic 
[44]. The functionality of parasite antigen and antibodies interactions determines 
the quality of protection against malaria [46]. The robust immune response elicited 
at the various developmental stages of P. falciparum is poorly understood. Several 
of the parasite variant antigens are vaccine candidates. Thus, the IgG antibodies 
reduce parasitaemia and clinical symptoms in malaria-endemic communities. The 
insight into the collaborative role of antibodies from various antigens for maintain-
ing lower and submicroscopic malaria could provide a relevant guideline for vaccine 
developments (Figure 2).

4. Pre-erythrocytic antibodies in P. falciparum endemic areas

4.1 An. gambiae salivary gland protein-6 peptide 1 (gSG6-P1) antibody

The active micro-components in Anopheles saliva prevent blood coagulation, 
induce complement activation, elicit and modify the immune response to influ-
ence the vector-malaria transmission [47]. An. gambiae salivary gland protein 
6 (gSG6) has recently attracted scientific interest as a biomarker to estimate the 
intensity of exposure to mosquito bites and the risk of malaria infection [48–50]. 
The IgG immune antibody against gSG6-P1 has high sensitivity and specific-
ity to determine the entomological inoculation rate (EIR) and overcome some 
of the challenges associated with EIR [51, 52]. The IgG antibody is an essential 
estimation of the risk of malaria transmission in the endemic areas [53]. Aside 
using gSG6-P1 IgG antibodies to estimate the risk of infection or vector-malaria 
transmission, does gSG6-P1 play any role in Plasmodium falciparum invasion and 
development? A question that will prove vital to the control efforts of malaria if 
rightly answered.

4.2 The circumsporozoite protein (CSP) antibody

The female Anopheles mosquito inoculates saliva containing sporozoites which 
migrate from the dermis into the hepatocytes [53, 54]. P. falciparum sporozoites are 
highly susceptible to the induced antibody against the most abundant sporozoite 
surface protein, the CSP [55–57]. The prolonged exposure of anti-CSP against 
sporozoites severely affects the development of the liver stage infections, thus 
reducing the chances of successful blood-stage of P. falciparum infections [56]. 
Currently, CSP based RTS, S anti-malaria vaccine is the only malaria vaccine that 
has been rolled out with efficacy of approximately 78% [58, 59]. These favour-
able safety profiles and protection-inducing immunity do not interfere with the 
general immune response mechanisms in a paediatric population. Although the 
RTS, S malaria vaccine has achieved a milestone, it is not without several concerns 
in high parasitaemia levels (>5000 parasites/ul) among subjects considered to be 
protected [60]. The inexplicable variations in the protection-induced immune 
response by CSP antibody in asymptomatic and symptomatic malaria require 
further understanding.
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5. The erythrocytic stage antibodies in P. falciparum endemic areas

5.1 P. falciparum erythrocyte binding antigen-175

The merozoites invade red blood cells through parasite ligands-host receptors 
interactions to facilitate initial attachment, apical reorientation, tight junction forma-
tion and final entry into the red blood cells [61]. The exposed parasite ligands to the 
host immune system induce antibodies against parasite ligands [62–64]. Naturally 
acquired PfEBA-175 antibodies bind P. falciparum erythrocyte binding antigen-175 
(PfEBA-175) to prevent red blood cell invasion [65, 66]. The PfEBA-175 engagement 
with Glycophorin A (GPA) remains one of the major pathways for red blood cells 
invasion and establishment of clinical disease in malaria [67, 68]. Therefore, block-
ing this critical pathway of parasite invasion into RBCs has become an approach to 
controlling malaria. The PfEBA-175-RII IgG-mediated antibody offers protection by 
binding to the functional R217 loop region of the PfEBA-175 inhibiting P. falciparum 
invasion of RBCs [69, 70]. Although the malaria parasite uses PfEBA-175-GPA 
 invasion pathway, it can also adopt alternative ways to invade the PfEBA-175 antibody 
RBCs invasion blockage [71]. The high levels of PfEBA-175 antibody among the 
population in malaria-endemic areas and high-level submicroscopic malaria infec-
tion suggest a role of the PfEBA-175-GPA pathway in malaria infections [66, 72]. This 
is backed by the high relative avidity of IgG antibodies against EBA175RIII-V in low 
malaria-endemic communities [66, 73, 74].

5.2 Pfs230 gametocyte antibody

The sustained reservoirs of submicroscopic or asymptomatic malaria infections 
are not well understood [75–77]. The P. falciparum mature stage gametocytes could 
persist at submicroscopic levels for effective transmission to the mosquito [78, 79]. 
The exposure of gametocyte antigen Pfs230 expressed on the mature gametocyte sur-
face and the gamete surface induces an antibody response in the human host [80–82]. 
There is a natural antibody response against the Pfs230 in malaria-endemic popula-
tions [83, 84]. The Pfs230 antibody blocks the fusion of gametes in the mosquito 
and prevents transmission [85, 86]. The anti-gametocytes IgG antibodies against 
Pfs230 reduce oocyst intensity by 55–70% and up to 44% reduction in proportions 
of infected mosquitoes [87]. The Pfs230 antibody has been associated with recent 
and concurrent high-density gametocyte exposure and impacts the dynamism of 
transmission by significantly reducing the infectiousness of high gametocyte density 
infections.

5.3  The missing links and the inter-relationships between stage-specific  
P. falciparum antibodies

There are several missing links in the association between the effects of various 
stage-specific antibodies and how they subsequently affect the development of the 
other parasites’ stages [88]. For instance, there are several unknown points in the sexual 
stage immunity which could aid in the reduction of transmission to mosquitoes and 
elimination of malaria; such as how the Pfs230 antibody develops in either microscopic 
or submicroscopic gametocyte carriage, and the subsequent impacts on parasite devel-
opment in mosquitoes and reinfection of the human host is still obscure. The current 
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knowledge of the functionality of the Pfs230 antibody has shown to be dependent on 
density [89–92]. Also, factors that reduce or prevent blood-stage parasitaemia develop-
ment have the potential to reduce gametocyte development and reduce malaria trans-
mission [93, 94]. Other immune factors such as antibodies against Anopheles salivary 
proteins and their relationship to the development of the liver-stage malaria parasites, 
erythrocytic phase development or sexual stage development are poorly understood.

However, current study has revealed a strong negative correlation between IgG 
antibodies of PfCSP and gSG6-P1. There is no evidence of an association between 
IgG antibodies of gSG6-P1, PfEBA175, Pfs230 or IgG antibodies of PfEBA175 and IgG 
antibodies of Pfs230 (Figure 3). Although the exact role of gSG6-P1 is unknown, this 
finding suggests either gSG6-P1 is involved in sporozoites invasion or the liver stage 
development.

6. The new perspectives

The salivary gland molecules may play a role in sporozoite survival and invasion 
of hepatocytes. However, there is no identified role of salivary gland molecules on 
sporozoite migration through the skin to the liver or development in the liver.

Previous studies have reported a putative mucin-like protein, the anti-platelet 
protein, the long-form D7 salivary protein, the putative gVAG protein precursor, 

Figure 3. 
A strong negative correlation between PfCSP IgG antibody and anopheles gSG6-P1 IgG antibody. A. Correlation 
between IgG antibodies concentration of PfCSP and gSG6-P1. B. Correlation between IgG antibodies 
concentration of Pfs230 and gSG6-P1. C. Correlation between IgG antibodies concentration of PfEBA-175 
and gSG6-P1. D. Correlation between IgG antibodies concentration of PfEBA-175 and Pfs230. The statistical 
analysis was performed using spearman correlation. The IgG antibody concentration of PfCSP and IgG antibody 
concentration of anopheles gSG6-P1 showed a significant negative correction r = −0.1571 (−0.2704 to −0.03944), 
p = 0.0073. The observed strong negative correlation between IgG antibodies of PfCSP and gSG6-P1 is an 
indication that salivary gland proteins may play a role in the invasion and development of malaria sporozoites in 
the liver. Further studies are required to ascertain the specific role of gSG6-P1 in liver-stage malaria infection.
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the D7-related 3.2 protein, gSG7 salivary proteins, and the gSG6 protein may be 
involved in sporozoite maturation and transmission [95]. The authors of this study 
could not establish the direct association or role of the individual salivary gland 
proteins in the development of malaria parasites.

Also, the salivary gland molecules and underlying mechanisms for sporozoites 
recognition and invasion of the mosquito salivary gland are poorly understood. Until 
recently, the unique sporozoite ligand-salivary gland receptor interaction and mol-
ecules involved in triggering the mosquito salivary gland invasion were unknown. The 
discovery of Anopheles salivary gland protein, the CSP-binding protein (CSPBP) and 
its role in the mosquito salivary glands invasion has opened a new understanding of 
the invasion mechanism of sporozoites [96]. The antibodies raised against the CSPBP 
reduced sporozoites load by 25% and 90% in 14 and 18 days after the infected blood 
meal by mosquitoes, respectively [96].

In the hepatocyte invasion, region II of the C-terminal region of the sporozoite 
CSP attaches to the liver cells through the heparan sulfates proteoglycans (HSPG) 
[97, 98]. The conformations of CSP play a role in the sporozoite migration through 
different tissues in mosquito and human hosts [99]. However, factors involved in 
the sporozoite migration, invasion and development in hepatocytes remain largely 
unknown. The mosquitoes’ gamma interferon-inducible thiol reductase (mosGILT) 
negatively influences sporozoite speed and cell traversal movement in the host 
[100–102]. Thus, the mosquito salivary gland proteins could either enhance or reduce 
the transmission of malaria parasites. The interaction of the PfCSP and gSG6-P1 pro-
teins may play an essential role in sporozoites development in the human host. This 
finding is new information that requires further research into the role of gSG6-P1 in 
the development of pre-erythrocytic phase parasites.

In conclusion, submicroscopic malaria infection and transmission is one of the 
bottlenecks in malaria control and elimination strategy in malaria-endemic areas. The 
inoculation of the female Anopheles salivary gland content and sporozoites initiate 
the entire malaria human host developmental process. However, there are several 
missing links to how vector and parasite molecules influence the development and 
establishment of malaria infection. The observed strong negative correlation between 
IgG antibodies of PfCSP and gSG6-P1 is an indication that salivary gland proteins 
may play a role in the invasion and development of malaria sporozoites in the liver. 
Further studies are required to ascertain the specific role of gSG6-P1 in liver-stage 
malaria infection.
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Chapter 5

Estimation of Malaria Mortality in
Developing Countries
Sepiribo Lucky Braide

Abstract

This chapter considered monitoring human health condition as vital variable for
well-being of man/society required input data for effective daily planning.
Researchers have contributed to prediction of incidence/recovery rate for malaria
mortality. Modified state-estimation model based (matrix-formulation, weighted
sum of squares of errors) was applied. The instrument (sphygmomanometer, etc.)
is manipulated for study under investigation to examined existing state of system.
Four (4) measurements data were analyzed from different geographical locations
for patients with malaria endemic cases. Physician measurement data are
implemented into modified state-estimation equations to estimate degree of error
(s) to classify as bad measurement. Results shows bad data estimation attributed to
poor instrument calibration, aging, and poor physician measurement. These
reveal discrepancies between actual (true-measurement) and patient-physical
measurements. Four vital measurements include blood pressure (Bp), blood sugar
level (BSL), body temperature (BT), and Plasmodium ViVax with relied validation
test following chi-square distribution for 2-degree freedom with 99% significance
level suspected as error measurement. Model-matrix coded in MATLAB gives
state-estimation results x1 ¼ 8:5225 and x2 ¼ 13:235ð Þ, indicating strong variation
between actual and physical measurements for some patients having low pulse rate
under the measurement of blood pressure (Bp). Essentially, physicians’ measure-
ments must be revalidated for accuracy before drugs prescription/administration to
avoid under- or over-dose since patients’ body chemistry varies significantly for
different persons.

Keywords: measurement, matrix formulations, malaria, mortality, state-estimates,
distribution

1. Introduction

1.1 Improved state estimation model techniques and governing equations

The analysis and investigation of basic human body diagnosis uses the vital statis-
tics variables of physical measurement because it deals with scientific application to
the life history of communities and nation. That is historical development which is a
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function of human society can be numerically be expressed qualitatively or quantita-
tively. The purpose of this study is to find out the changing composition of commu-
nities or nations with reference to sex, age, education, economic and civic status
which is considered under study [1].

Evidently the state estimation model considered the numerical records of
marriage, births, sickness and deaths by which the health and growth of community
may be studied. The vital statistics variable provides the results of the biometry
which deals with data and the laws of human mortality, morbidity and
demography [2].

This technical contents considered the data or the laws which explain the
phenomenon of birth, deaths, health and longevity, composition and
concentration etc.

This study can also be extended to solve information particularly on fertility,
mortality, maternity, urban density which is indispensable for planning and
evaluation of the schemes of health, family planning and other vital amenities for
purpose of efficient planning, evaluation and analysis of various economic and social
policies [3].

Importantly, data collected on life expectancy at various age levels is helpful in
actual calculations of risk on life policies, this means that life table called the biometer
of public health and longivity helps in fixing the life insurance premium rates at
various age level.

The modified state estimation model described the estimation strategy using
different mathematical matrics operations to estimates the physical measurements
carried out by a physician/medical doctors, on the view to determine the estimated
physical measurements for malaria mortality in a developing countries, the question is
how true? is the physical measurement taken by the medical doctor for purpose of
placing drug dispensation and administration evidently, research studies has provided
with results the measurement equations characterizing the meter readings with the
view to the addition of error terms to the system model for purpose of validating
physical measurement by medical practitioners [4].

Several measurement instruments and devices are used in the measurements of
vital statistics variable (state-variables) of the human life expectancy. We have the
sphygmomanotreter (device that measures blood pressure) thermometer (device that
measures temperature), (blood sugar level), (plasmodium viviax: parasite for
malaria) etc. [5].

The physical measurements data are collected from patients in the health/clinic
and hospital which are not always true to some extend, the acquired data from the
measurements device/instruments contains inaccuracies which is unavoidable since
physical measurements cannot be entirely free from random errors or noise. These
errors can be quantified in a statistical sense and the estimated values of the quantities
being measured are then either accepted as reasonable or not, if certain measurement
of accuracy are exceeded because of noise the true values of physical quantities are
never known and we have to consider how to calculate the best possible estimates of
the unknown quantities [6].

Incidentally, the techniques of least square is often used to best fit measurement
data relating to two or more quantities. However, modified equations are developed
and formulated to characterize measurements of the physical data collected or
acquired from patients for purpose of analysis with the integration of errors terms in
the system model. The best estimates are choosen which minimizes the weighted sum
of squares of the measurement errors [7].
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2. Background of study

State estimation techniques is the process of determining a set of values for a set of
unknown systems (Engineering systems, human being systems, medical systems, bio-
logical systems, machine/instruments system etc). State variables are based on certain
criterion making use of physical measurements made which are not precise due to
inherent error associated with controllers/transducers and sometimes creates redun-
dancy of measurement that does not require assessment of the true-value of the
systems state variables [8]. Statistical methods are also used to estimate the true value
of the system state variables with the minimum number of variables required to
analyze the system in all aspects. The measurements taken by a medical practitioner
are required to meet the basic records for a given circumstances intended to address
particularly to the engineering systems, medical system, biological systems and related
systems in order to provide good quality of reliable physical measurements for system
variables [9]. Evidently, the necessary conditions for vital statistics variables analysis
for administering drugs dispension to patients ensure and declared measurements
records conformity to calculation of the measuring instruments, precision and toler-
ance for purpose of standard practice for world health organization (WHO) [10].

Importantly, if the measurement instruments introduces errors while undertaking
details information variables statistics about patients status, this may results into
wrong presentation of recorded data required for prescription/dispensing of drugs
this will eventually results into gradual breakdown of human body system, immunity,
antibodies vital tissues and sensitive organs like liver, kidney etc. in a colossal decay
condition that may leads to early mortality for associated emergence of infected and
transmitted diseases [11].

Essentially for purpose of good working condition of human lives, standard
practice for healthy living, is strongly monitored in order to regularly checked for
recalibration of measuring instruments, for purpose of high precision, tolerance and
accuracy [12].

3. Materials and method

3.1 Model formulation of modified state estimation equations

The measurement set used by medical practioners consists of thermometer reading
z1ð Þ, sphygmomanometer z2ð Þ, Blood-sugar level z3ð Þ and plasmodiums vivax parasite
transmission measurement z4ð Þ etc. Where z1, z2, z3 and z4, are mathematical mea-
surement parameter sowing to the physical measurements/quantities respectively.

Similarly, the symbol x represents physical quantities being estimated.
Then the measurement equations that is characterizing the meter readings/mea-

sured terms are found by adding error terms (e) to the system model as:

Z ¼ Hxþ e (1)

Z : Measurement variables.
H : rectangular matrice operations.
x : State variables (the physical quantities being estimated).
e : errors term.
hx : True values of system model.
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The numerical coefficient are determined by the human body circulatory compo-
nents and the error terms e1, e2, e3 and e4 which represents errors in measurement
z1, z2, z3 and z4 and respectively.

If the errors terms e1, e2, e3, e4 are zero, then it is an ideal condition which mean
that the meter reading of the physical measurement taken by the vital statistics
variable of the patients are exact and true measurements zð Þ, which gives exact values
of χ1 and χ2 of χ̂1 and χ̂2 which could be determined.

From the relationship of eq. (1) it can be obtained as:

Z1 ¼ h11x1 þ h12x2 þ e1 ¼ Z1,true þ e1 (2)

Z2 ¼ h21x1 þ h22x2 þ e2 ¼ Z2,true þ e2 (3)

Z3 ¼ h31x1 þ h32x2 þ e3 ¼ Z3,true þ e3 (4)

Z4 ¼ h41x1 þ h42x2 þ e4 ¼ Z4,true þ e4 (5)

Where; Zjtrue: True value of the measured quantity Zj:

Reformulating eq. (2)–(5) into vector form to obtained as;

e1
e2
e3

e4

2
6664

3
7775 ¼

z1
z2
z3

z4

2
6664

3
7775�

z1true
z2true
z3true

z4true

2
6664

3
7775 ¼

z1
z2
z3

z4

2
6664

3
7775�

h11 h12
h21

h31

h41

h22

h32

h42

2
66664

3
77775

x1
x2

� �
(6)

In compact form representation given as:

e ¼ z� ztrue ¼ z�Hx (7)

Which represents the error term between the actual measurement zð Þ: and the true
(but unknown) values ztrue≜Hx of the measurement quantities. The true values of
x1 and x2 cannot be determined but we can calculate the estimates χ̂1 and χ̂2

Substituting these estimates χ̂1 and χ̂2ð Þ into eq. (6) gives the estimated values of
the errors in the form as:

ê1
ê2
ê3

ê4

2
6664

3
7775 ¼

z1
z2
z3

z4

2
6664

3
7775�

h11 h12
h21

h31

h41

h22

h32

h42

2
66664

3
77775

x̂1
x̂2

� �
(8)

The quantitie are estimates of the corresponding quantities.
The vector, êwhich represents the differences between the actual measurement zð Þ

and their estimated values ẑtrue≜Hx, thus in compact form is given as:

ê ¼ z� ẑ ¼ z�Hx̂ ¼ e�H x̂� xð Þ (9)

The criterion for calculating the estimates χ̂1 and χ̂2ð Þ can be determined as:

ê ¼ ê1ê2ê3ê4½ �T (10)

and
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ẑ ¼ ẑ1ẑ2ẑ3ẑ4½ �T (11)

Eq. (10) and (11) have to be computed for purpose of estimation analysis.
The techniques can be used to describe algebraic sum of errors to minimize posi-

tive and negative operations which may not be acceptable.
However, it is preferable to minimize the direct sum of squares of errors.
To ensure that measurement from meters or data collected of known greater

accuracy are considered more favorably than less accurate measurements instrument/
device, that is in each term the sum of squares is multipled by an appropriate
weighting factor (w) to give the objective function as:

f ¼
X4
j�1

wje2j ¼ w1e21 þ w2e22 þw3e23 þ w4e24 (12)

We select the best estimates of the state variables as those values χ̂1 and χ̂2 which
cause the objectives functions fð Þ to take on its minimum value.

In accordance to the application of necessary conditions for minimizing function
fð Þ, the estimates χ̂1 and χ̂2 are those values of χ1 and χ2 which satisfy the equations as;

∂f
∂x1

¼ 2 w1e1
∂e1
∂x1

þ w2e2
∂e2
∂x2

þw3e3
∂e3
∂x3

þ w4e4
∂e4
∂x4

� �����
���� ¼ 0 (13)

Similarly,

∂f
∂x2

¼ 2 w1e1
∂e1
∂x1

þw2e2
∂e2
∂x2

þ w3e3
∂e3
∂x3

þ w4e4
∂e4
∂x4

� �����
���� ¼ 0 (14)

That is, the notation: x̂ ¼ 0j which, indicates that the equations have to be evalu-
ated from the state estimates x̂ ¼ x̂1x̂2½ �T since the true values for the states variable
are not known.

The unknown actual error ej
� �

are then replaced by estimated errors êj which can
be calculated once the true estimate x̂i are known.

Eq. (14) and (15) can be represented in vector form as:

∂e1
∂x1

∂e2
∂x1

∂e3
∂x1

∂e4
∂x1

∂e1
∂x2

∂e2
∂x2

∂e3
∂x2

∂e4
∂x2

2
664

3
775x̂

w1 x x x
x w2 x x
x

x

x

x

w3 x

x w4

2
6664

3
7775

e1
e2
e3

e4

2
6664

3
7775 ¼ 0

0

� �
(15)

Where w is the diagonal matrix of weighting factor which have special significance
to the accuracy of measurement.

The partial derivatives for substitution in eq. 15 are found from eqs. (2) through
(5) to be constant given by the elements (H) given as:

h11 h21 h31 h41
h12 h22 h32 h42

� �
w1 x x x
x w2 x x
x

x

x

x

w3 x

x w4

2
6664

3
7775

ê1
ê2
ê3

ê4

2
6664

3
7775 ¼ 0

0

� �
(16)
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Using the operation of the compact notation process of eq. (9) can be applied to
also represent eq. (17) as:

HTWê ¼ HTW z�Hx̂ð Þ ¼ 0 (17)

Multiplying through this eq. (17) and solving for the estimates (x̂Þ as:

x̂ ¼ x̂1
x̂2

� �
¼ HTWH

� �
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

G

�1 ¼ HTWZ ¼ G�1HTWZ (18)

Where x̂1 and x̂2 are the weighted least square estimates of the state variables, It is
the rectangular matrix component

The symmetrical matrix (called the gain-matrix, G) must be inverted as a single
entity to give as:

G�1 ¼ HTWH
� ��1

(19)

Which is also symmetrical in the mathematical operations.
Essentially, the weighted least-squares procedure are required to estimates x̂i how

close to the true value xi of the state variables,
The expression for the difference xi � x̂ið Þ is found my substituting for;

Z ¼ Hxþ e to obtain as (20)

x̂ ¼ G�1HTW Hxþ eð Þ ¼ G�1 HTWH
� �

x|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
G

¼ G�1HTWe (21)

It is an important consideration to check the useful operation of the dimensions of
each term in the matrix product of eq. (21) which is an important idea for developing
properties of the weighted least-square estimations. In this analysis we have the
matrix operation: G�1HTW which as an overall operation of row � column dimen-
sions of 2 � 4, which means that any one or more of the four errors e1, e2, e3, e4ð Þ an
influence the difference between each state estimates.

The weighted least squares calculations spread the effects of the errors in any one
measurements to some or all other estimates the characteristics is the basis for
detecting bad data measurement.

In a similar manner we can compare the calculated values of ẑ ¼ Hx̂ of the
measured quantities with their actual measurements (z) by substituting for x̂ ¼ x
from eq. (21) into eq. (7) to obtain as:

ê ¼ z� ẑ ¼ e�HG�1HTWe ¼ I �HG�1HTW
� �

e (22)

Where; I: unit or identity matrix.

4. Statistical analysis, errors and estimates

In reality we know absolutely true state of a physical operating system. Great care
is taken to ensure accuracy. Unavoidable random noise enters into the measurements
process to distort more or less the physical results. Repeated measurements of the
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same quantity under careful controlled conditions reveals certain statistical properties
from which the true value can be estimated [13].

If the measured values are plotted as a function of their relative frequency of
occurrence, a histogram is obtained to which a continues curve can be fitted as the
number of measurement increases theoretically to any number [14].

The continuous curve commonly encountered is a ball-shaped function p(z). This
is the Gaussian or normal probability density function gives as:

p zð Þ ¼ 1
5

ffiffiffiffiffi
2π

p ε�
1
2
z� μ

δ

� �2
(23)

The probability that z-takes on values between the point a and b in Figure 1 is the
shaded area given as;

pr ¼ a< z< bð Þ ¼
ðb
a
p zð Þdz ¼ 1

σ
ffiffiffiffiffi
2π

p
ðb
a
ε�

1
2 ¼ 1

σ
ffiffiffiffiffi
2π

p (24)

The total area under the curve p(z) between 0 and equals to 1. The value of z is
certain with probability equal to 1 or 100% [15].

The Gaussian distribution plays a very important role in the measurement statistic
because the probability function density cannot be directly integrated. For transfer
from z to y using change of variable formula given as (Tables 1–3) (Figure 2):

y ¼ z� μ

δ
(25)

Figure 1.
Gaussian normal distribution.
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K 0.05 0.025 0.01 0.005

1 3.84 5.02 6.64 7.88

2 3.99 7.38 9.21 10.60

3 7.82 9.35 11.35 12.84

4 9.49 11.14 13.28 14.86

5 11.07 12.83 15.09 16.75

6 12.59 14.45 16.81 18.55

7 14.07 16.01 18.48 20.28

8 15.51 17.54 20.09 21.96

9 16.92 19.02 21.67 23.59

10 18.31 20.48 23.21 25.19

11 19.68 21.92 24.73 26.76

12 21.03 23.34 26.22 28.30

13 22.36 24.74 27.69 29.82

14 23.69 26.12 29.14 31.32

15 25.00 27.49 30.58 32.80

16 26.30 28.85 32.00 34.27

17 27.59 30.19 33.41 33.72

18 28.87 31.53 34.81 37.16

19 30.14 32.86 36.19 38.58

20 31.41 34.17 37.57 40.00

Table 1.
Normal chi-square distribution table (values of area α to the right of χ2k ¼ χ2k,α.

A Pr(a) a Pr(a)

.05 0.01994 .08 0.28814

.10 0.03983 .85 0.30234

.15 0.05962 .90 0.31594

.20 0.07926 .95 0.32894

.25 0.09871 1.00 0.34134

.30 0.11791 1.05 0.35314

.35 0.13683 1.10 0.36433

.40 0.15542 1.15 0.37493

.45 0.17364 1.20 0.38493

.50 0.19146 1.25 0.39435

.55 0.20884 1.30 0.40320

.60 0.23575 1.35 0.41149

.65 0.24215 1.40 0.41924

.70 0.25804 1.45 0.42647
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5. Results and discussion

The data collected from different geographical location for patients by a physician on
malaria epidemic cases were estimated using the developed modified state estimation
model for malaria mortality. The measurement statistics are z : z1 ¼ 1:5 ¼ 120

80 mmHg
� �

,

A Pr(a) a Pr(a)

.75 0.27337 1.50 0.43319

1.55 0.43943 2.30 0..48928

1.60 0.44520 2.35 0.49061

1.65 0.45053 2.40 0.49180

1.70 0.45543 2.45 0.49286

1.75 0.45994 2.55 0.49379

1.80 0.46407 2.60 0.49461

1.85 0.46784 2.65 0.49534

1.90 0.47128 2.70 0.49597

1.95 0.47441 2.75 0.49653

2.00 0.47726 2.80 0.49702

2.05 0.47982 2.85 0.49744

2.10 0.48214 2.90 0.49781

2.15 0.48422 2.95 0.49813

2.20 0.48610 3.00 0.49841

2.25 0.48778 0.49865

Table 2.
Gaussian distribution for chi-square distribution.

Location/geographical
region

Clinical suspected
census

Laboratory confirmed
cases

Positive predictive
accuracy

Buguma city/south 161 28 17%

Ido town/south 223 64 30%

Abalama/south East 181 26 15%

Elelelema town/south east 32 6 20%

okpo town/south 13 3 24%

Sama/south east 45 13 30%

Kala-Ekwe town/south 4 2 5%

Efoko/south 33 1 3%

Tombia town/south east 8 0 0%

Table 3.
Data collected from geographical location about laboratory confirmed cases.
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z2 ¼ 1:5 ¼ 120
80 mmHg

� �
, z3 ¼ 1:8 ¼ 140

80 mmHg
� �

, z4 ¼ 1:9 ¼ 150
80 mmHg

� �
while the

estimated measurement the model ẑ : ẑ1 ¼ 1:4759ð Þ, ẑ2 ¼ 1:4759ð Þ, and ẑ4 ¼ 1:87295ð Þ.
The state estimates of the body blood pressure were determined as x1,x2 :
8:5225 and 13:235 for the respective patients under study, which indicate low-pulse rate
or heart rate that required attention, which is also agree with the validated results of the
coded matrix laboratory (matlab results) (Figure 3).

5.1 Expected values of measurements

We assume that the noise terms e1, e2, e3, and e4 are independent Gaussian random
variables with zero means and the respective variances σ21, σ

2
2, σ

2
3 and σ24 of the physical

Figure 2.
Gaussian distribution skewed to the right.
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Figure 3.
A bar chart showing clinical/laboratory confirmed cases.
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measurement are considered (Figure 4). Two variables are termed independent when
E eiej
� � ¼ 0 for i 6¼ j: The zero mean assumption implies that the error in each mea-

surement has equal probability of taking on a positive and negative values of a given
magnitudes (Figure 5).

The analysis of the vector eð Þ and its transpose eT ¼ e1e2e3e4½ � can be represented as
(Figure 6):

eT ¼

e1
e2
e3

e4

2
6664

3
7775 e1e2e3e4½ � ¼

e21 e1e2 e1e3 e1e4
e2e1 e22 e2e3 e2e4
e3e1

e4e1

e3e2

e4e2

e23 e3e4

e4e3 e24

2
66664

3
77775

(26)

Analysis consideration:

Figure 4.
A chart showing positive prediction for clinical/laboratory cases.

Figure 5.
A line chart showing distribution of clinical/laboratory cases.
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Figure 6.
Algorithms (flow-chart for modified state estimation model for malaria mortality showing different measurement
system plan.
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• The expected value of eeT are found by calculating expected value of each entry
in the matrix operations.

• The expected value of all the off diagonal events are zero because errors are
assumed to be independent, the expected values of the diagonal events are non

zero and correspond to the variance: E e2j
h i

for i from 1 to 4.

• The resultant diagonal matrix are usually assigned the (R) given as:

E eeT
� � ¼ R ¼

E e21
� �

: : :

: E e22
� �

: :

:

:

:

:

E e23
� �

:

: E e24
� �

2
66664

3
77775

(27)

¼

σ21 : : :

: σ22 : :

:

:

:

:

σ23 :

: σ24

2
66664

3
77775

(28)

Evidently, the statistical properties of the weighted least-square estimation pro-
vides solution to the measurement zð Þ, which is the sum of the Gaussian random
variables e1ð Þ and the constant term h11x1 þ h12x2ð Þ which represents the true values
Z1true of Z1. The addition of the constant term to shift the curve of e1 of the right by the
amount of the true value.

Weighting Factor wð Þ
The analysis of formulating the objective function fð Þ, the preferential weighting wið Þ

is given to be more accurate measurement by choosing the weight wið Þ as the
reciprocal of the corresponding to the variance δ2j

� �
. This means that an errors of smaller

variance have greater weight wð Þ, hence we can specify the weighting matrix, wð Þ as:

W ¼ R�1 ¼

1=δ21
: : :

: 1=δ22
: :

:

:

:

:

1=δ23
:

: 1=δ24

2
666664

3
777775

(29)

The, gain matrix becomes

Gð Þ ¼ HTR�1H (30)

The weighted sum of square of error as the objective function fð Þ, determination.
The critical value of the statistics f can be determined using the tabulated values of

χ2k,α for a quantifiable level of significance, k : degree of freedom Nm �Nsð Þ. That is
the calculated value can be compared to the tabulated value to measure accuracy
which is given as:

pr f ≤ χ2k,α
� � ¼ 1� αð Þ (31)
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The weighted sum of squares equation of errors with weight wið Þ choosen equals to
the reciprocal of corresponding error δ2j variance which is given as:

f ¼ PN
j¼1

e2j
σ2j

¼ z1 � h1 x1, x2ð Þð Þ2
δ21

þ z2 � h2 x1, x2ð Þð Þ2
δ22

þ z3 � h3 x1, x2ð Þð Þ2
δ23

þ z4 � h4 x1, x2ð Þð Þ2
δ21

(32)

Where: h1, h2, h3 and h4 are function that expresses the measured quantities in
terms of the state variable while e1, e2, e3 and e4 are Gaussian random variables
terms. The true value of χ1 amd χ2 and not known and have to be estimated from
measurement: Z1, Z2, Z3 and Z respectively.

Chi-square test statistics (f), as a sum of squares of error terms for purpose of validation
The analysis of physical measurement, the chi-square distribution test and validation

are required to the check the presence of bad data. Then eliminate any bad data detected
and recalculate subsequent resultant state estimation from the determined results.

The objective function (f) for chi-square distribution can be presented as:

f̂ ¼
XN
j�1

ê2j
σ2j

¼ w1ê21 þw2ê22 þ w3ê23 þw4ê24 (33)

where;

w ¼ 1=σ2

σ: variance of measurement error
α: quantifiable level of significance for accuracy
f ≤ χ2α,k: for a quantifiable level of significant αð Þ for a given degree of freedom kð Þ.

If f is greater than χ2α,k then there is at least suspected bad data measurements in the
analysis which required attention.

This means that the suspected measurement instrument (z) must be recalculated
and subjected to test statistics and required re-measurement of the vital statistics
variables of the system.

This could be traceable to human error, instrument error due to poor calibration,
aging of the instrument and temperature/humidity etc.

If f ≤ χ2α,k is satisfied it is adequate for purpose of physical measurement accuracy,
while comparing calculated and tabulated values for validation.

Standardized error estimates
The standardized error estimations can be determined using diagonal elements as:

ê1ffiffiffiffiffiffiffi
R0
11

p ¼ Sde1

ê2ffiffiffiffiffiffiffi
R0
22

p ¼ Sde2 (34)

ê3ffiffiffiffiffiffiffi
R0
33

p ¼ Sde3

ê4ffiffiffiffiffiffiffiffi
R0
44

p ¼ Sde4
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Analysis of measurement for malaria mortality Using modified state estimation
model

The measurement equations characterizing the physical status of patient using
sphygmomanometer for blood pressure considered the true/actual value of the system
model and the addition of error term in the system model were developed. The
question is how true is the physical measurement carried out by the physician? Which
can be represented as:

Z ¼ hijxi þ ℓi (35)

Z: Measurement of the vital statistics variable of the patients.
hij: Account for the precision of the measurements to the accuracy of the

instruments (how close to the true value).
xi: Unknown state variable that need to be determined and accounts for the

pulse/health rate for blood pressure measurement.
ℓi Error term introduced in the measurement which can be expressed

mathematically as:

Z ¼ h11x1 þ h12x2 þ e1 (36)

Eq. (36), provided the vital statistics variable measurement which is the weighted
sum of squared of errors for the Gaussian distribution. Since the physical measure-
ments of the patients is considered as a function of their relative frequency of occur-
rence, a histogram may be represented which is a continuous curve in relation to the
number of occurrence.

Clinical Diagnosis Measurement, geographical location and distribution.
Data were collected from reputable hospitals and clinics from different location

for malaria mortality using blood pressure measurements as one of the key
associated parameter for the incidence of malaria parasite transmission variable
(Tables 4–6).

S/N Location/Geographic
region

Clinical suspected
census (%)

Laboratory
confirmed

Positive predictive
accuracy

1 Buguma city/South 161(23) 281 (0) 17% (10–24)

2 Ido town/South 223(32) 64(45) 30% (24–35)

3 Abalama/South East 181(26) 26(18) 15% (10–20)

4 Elelema town/south-Cast 32(5) 6(4) 20% (8–36)

5 Okpo town/south 13(2) 3(2) 24%(6–54)

6 Same south-east 45(6) 13 9ð Þ 30%(16–44)

7 Kala Ekwe town/south 4(0.6) 2(1) 5%(7–93)

8 Efoko/South 33(5) 1(0.7) 3%(0.1–16)

9 Tombia/South 8(1) 0 0%(0–37)

Total 700 143

Table 4.
Distribution of suspected and confirmed cases of malaria parasites (plasmodium) according to the province in a
developing countries.
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Measurements Matrix, (Z) equation given as:

Z½ � ¼

Z1

Z2

Z3

Z4

2
6664

3
7775 ¼

120
80

mmHg ¼ 1:5

120
80

mmHg ¼ 1:5

140
80

mmHg ¼ 1:8

150
80

mmHg ¼ 1:9

2
66666666664

3
77777777775

(37)

Measurements error eð Þ given as:

e½ � ¼

e1
e2
e3

e4

2
6664

3
7775 ¼ To be determined (38)

True value of system model term given as:

hijxij
� � ¼ h11x1 þ h12x2 þ e1 (39)

S/N Measurements instrument Sphygmomanometer (BP) Precision to the accuracy of
measurements instruments

1 Measurements 1, Blood pressures for pulse rate estimation
–Abuja City in Nigeria

8% & 6% to the true values of the
system model measured

2 Measurement 2, blood pressure for pulse rate estimation –

Buguma City in Nigeria
8% & 6% to the true values of the
systems model measured

3 Measurements 3, blood pressure for pulse rate, estimation
–Lagos city in Nigeria

9% & 6% to the true values of the
systems model measured

4 Measurement 4, blood pressure for pulse rate estimation –

Port Harcourt City in Nigeria.
8% & 9% to the true values of the
system model measured

Table 6.
Sphygmomanometer measurement and precision for true (actual value of measurement) for associated malaria
parasite transmission.

S/N Vital statistics variables for measuring transmitted
cases of malaria parasite (plasmodium) etc

Blood (BP)
Pressure
Measurement

Accepted standard
for blood pressure
measurement.

1 Measurement 1; patients - A: Abuja City in Nigeria 120
80 mmHg ¼ 1:5 Ok (normal)

2 Measurement 2; patients –B Buguma City in Nigeria 120
80 mmHg ¼ 1:5 Ok (normal)

3 Measurement 3; Patients –C Lagos City in Nigeria 140
80 mmHg ¼ 1:8 Required attension

4 Measurement 4: Patients – D Port Harcourt City in
Nigeria

150
80 mmHg ¼ 1:9 Required attension

Table 5.
Blood pressure measurement (Sphygmomano-meter) for purpose of incidence of malaria parasite transmission.
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Measurement instruments precisions to the accuracy of true/actual value give as:

Z1 ¼ 8%x1 þ 6%x2 þ e1 (40)

Z2 ¼ 8%x1 þ 6%x2 þ e2 (41)

Z3 ¼ 9%x1 þ 8%x2 þ e3 (42)

Z4 ¼ 8%x1 þ 9%x2 þ e4 (43)

Eqs. (40), (41), (42), (43) can be represented as:

Z1 ¼ 0:08x1 þ 0:06x2 þ e1 (44)

Z2 ¼ 0:08x1 þ 0:06x2 þ e2 (45)

Z3 ¼ 0:09x1 þ 0:08x2 þ e3 (46)

Z4 ¼ 0:08x1 þ 0:09x2 þ e4 (47)

Where; x1 and x2 and are the state variable that is unknown that needed to be
determined

Case 1: Formulations of the Coefficient matrix Hð Þ which can be represented as:

H ¼

0:08 0:06

0:08 0:06

0:09 0:08

0:08 0:09

2
6664

3
7775 (48)

Case 2: Weighting factor for measuring instrument wið Þ which can be presented in
diagonal matrix form as:

wi ¼

100 : : :

: 100 : :

:

:

:

:

50 :

: 50

2
6664

3
7775 (49)

Where

wi ¼ w1,w2,w3,w4

The weighing factor wð Þ for the measurement instrument w1, w2, w3, w4 are 100,
100, 50, 50

Case 3: Determine nation of transpose of coefficient matrix (H) given as:

HT ¼ 0:08 0:08 0:09 0:08

0:06 0:06 0:08 0:09

� �
(50)

Case 4: Compute the matrix operation HTW as:
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HTW ¼ 0:08 0:08 0:09 0:08

0:06 0:06 0:08 0:09

� �
100 : : :

: 100 : :

:

:

:

:

50 :

: 50

2
6664

3
7775 (51)

¼ 8 8 4:5 4

6 6 4 4:5

� �
(52)

Case 5: Determination of gain matrix (G) given as:

G ¼ HTWH

Thus

G ¼ 8 8 4 4

6 6 4 4:5

� � 0:08 0:06

0:08 0:06

0:09 0:08

0:08 0:09

2
6664

3
7775 (53)

This implies;

G ¼ HTWH ¼ 2:005 1:68

1:68 1:445

� �
(54)

Case 6: Determination of Inverse of gain matrix (G) given as:

G�1 ¼ I
Gj j ¼

2:005 1:68

1:68 1:445

� �
(55)

Gj j ¼ 0:074825

G�1 ¼ I
0:074825

¼ 1:445 �1:68

�1:68 2:005

� �
(56)

or

G�1 ¼ 19:3 �22:45

�22:45 26:9

� �
(57)

Case 7: Determination of multiplication of inverse operation of gain matrix G�1� �
and HTW given as:

G�1HTW ¼ 19:3 �22:45

�22:45 26:8

� �
8 8 4:5 4

6 6 4 4:5

� �
(58)

This implies

G�1HTW ¼ 19:7 19:7 �2:95 �23:825

�18:8 �18:8 6:175 30:8

" #
(59)
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Case 8: Determination of matrix operation G�1HTWZ
� �

given as:

G�1HTWZ ¼ 19:7 19:7 �2:95 �23:825

�18:8 �18:8 6:175 30:8

� � 1:5

1:5
1:8

1:9

2
6664

3
7775 (60)

Where; G�1HTWZ is represented as the matrix operations determination of the
state variables estimate x̂1 and x̂2 given as:

x̂1
x̂2

� �
¼ G�1HTWZ ¼ 8:5225

13:235

� �
(61)

Case 9: Determination of the matrix operation Hx as a function of the estimate of
the physical measurements Z1Z2Z3Z4ð Þ given as:

Ẑ ¼ HX̂ (62)

Similarly,

Ẑ1

Ẑ2

Ẑ3

Ẑ4

2
66664

3
77775
¼ H

X1

X2

� �
(63)

Where;

H ¼

0:08 0:06

0:08 0:06
0:09

0:08

0:08

0:09

2
6664

3
7775,x̂ ¼ X1

X2

� �
¼ 8:5225

13:235

� �
(64)

Thus; the estimates of the measurement Ẑ
�

) becomes as:

Ẑ1

Ẑ2

Ẑ3

Ẑ4

2
66664

3
77775
¼

0:08 0:06

0:08 0:06
0:09

0:08

0:08

0:09

2
6664

3
7775

8:5225

13:235

� �
(65)

This implies as:

Ẑ1

Ẑ2

Ẑ3

Ẑ4

2
66664

3
77775
¼

1:4759

1:4759
1:825825

1:87295

2
6664

3
7775 (66)

Case 10: Determination of number of physical measurement Nmð Þ and states variable
Nsð Þ on the view to determine redundancy Kð Þ for a quantifiable level of significance.
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Nm ¼ Z1, Z2, Z3 and Z4 ¼ 4 (four physical measurements)
Ns ¼ x1&x2 ¼ 2 (blood pressure for pulse/heart rate)

Redundancy Kð Þ ¼ Nm �Ns ¼ 4� 2 ¼ 2 (67)

Case 11: Determination of errors estimates êð Þ of the physical measurements and
estimated measurements ẑð Þ are presented as:

ê ¼ Physical measurement Zð Þ½ � � estimated measurement ẑð Þ½ � (68)

That is;

ê1
ê2
ê3

ê4

2
6664

3
7775 ¼

Z1

Z2

Z3

Z4

2
6664

3
7775�

Ẑ1

Ẑ2

Ẑ3

Ẑ4

2
66664

3
77775

(69)

Where

Z1

Z2

Z3

Z4

2
6664

3
7775 ¼

1:5 ¼ 120=80mmHg
1:5 ¼ 120=80mmHg
1:8 ¼ 140=80mmHg

1:9 ¼ 180=80mmHg

2
66664

3
77775
;

Ẑ1

Ẑ2

Ẑ3

Ẑ4

2
66664

3
77775
¼

1:4759

1:4759
1:825825

1:87295

2
6664

3
7775 (70)

Thus,

ê1
ê2
ê3

ê4

2
6664

3
7775 ¼

0:0241

0:0241
�0:025525

0:02705

2
6664

3
7775 (71)

Case 12: Determination of sum of Squared of Errors eð Þ Measurement
If calculated weighted sums of squares of errors calculated f calculated

� �
is greater

than chi-square distribution it can be deduced that there is suspected error (or bad
data in the measurement sets).

Similarly,
If calculated objective function f calculated

� �
is less than chi-square distribution value,

it is concluded or declared a violations which does not satisfy the measurements
criteria for decision making for purpose of diagnosing human body conditions.

6. Results and discussion

Case 13. Estimate of measurements error eð Þ
The objectives function fð Þ of the weighted sum of squares of errors can be

presented as:

f ¼
Xn
j¼1

e2j
σ2j

¼ 100 e1ð Þ2 þ 100 e2ð Þ2 þ 50 e3ð Þ2 þ 50 e4ð Þ2

where : e1 ¼ 0:0241,e2 ¼ 0:0241,e3 ¼ �0:025525,e4 ¼ 0:02705
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f ¼
Xn
j¼1

e2j
σ2j

¼ 100 0:0241ð Þ2 þ 100 0:0241ð Þ2 þ 50 �0:025525ð Þ2 þ 50 0:02705ð Þ2

¼ 100 0:00058081ð Þ þ 100 0:00058081ð Þ þ 50 0:000651525625ð Þ þ 50 0:0007317025ð Þ
¼ 0:058081þ 0:058081þ 0:03257628125þ 0:036585125

¼ 0:185323125

Similarly,

The chi-square distribution from tabulated results given as: χ2k,α ¼ 9:21
� �

fcalculated ≤ χ2k,α

where;

K ¼ Nm �Ns ¼ 4� 2 ¼ 2

For, α = 1% quantifiable level of significant = 0.01 α ¼ 0:01ð Þ
(Significance level, α ¼ 0:01)
The probability of 1� αð Þ ¼ 1� 0:01ð Þð Þ ¼ 99% declared confidence level for a

degree of freedom, K ¼ Nm �Ns ¼ 2
From the tabulated result obtained for a given degree of freedom and a quantifiable

level of significance of α ¼ 0:01, for k ¼ 2 given as 9.21 which means that the calculated
value of f calculated

� �
is greater than the critical value of the chi-square distribution

value. Thus, the chi-square of f provides a test statistics for validating the error
measurements of bad data or probably suspected adverse health condition that required
attensions for purpose of ensuring good status healthy conditions.

%MATTIX LABORATORY
%PROGRAM: MATLAB FOR MALARIA MORTALITY
%AUTHUR: BRAIDE, SEPIRIBO LUCKY
%TECHNICAL PAPER PORESENTAION
%First iteration calculation using a flat start values (,k,t which
%represent the static variables x1 and x2);
k = 1;
t = 1;
% measurement instrument represented as z: z1 z2 z3 z4
z1 = 1.5;
z2 = 1.5;
z3 = 1.8;
z4 = 1.9;
z = [1.5; 1.5; 1.8; 1.9];
% estimated measurement represented as zk1 zk2 zk3 zk4
zk1 = 1.4759;
zk2 = 1.4759;
zk3 = 1.825825;
zk4 = 1.87295;
% measurement error represented as e1 e2 e3 e4
e1 = z1-zk1;
e2 = z2-zk2;
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e3 = z3-zk3;
e4 = z4-zk4;
% Jacobianmatrix represented as H
H = [0.08 0.06;0.08 0.06;0.09 0.08;0.08 0.09];
%Transpose of jacobian matrix T represented as H
T = H0

% Diagonal matrix of the weighting factor as W
W = [100,0,0,0; 0,100,0,0;0,0,50,0;0,0,0,50];

% MUutiply Transpose of jacobian matrix H0 and weighting factor W as
D=H0*W

% Multiply the matrix operation D and jacobian matrix H to obtain gain matrix
represented as

G = D*H
% The inverse of gain matrix G represented as F
F = inv.(G)
% multiply the matrix operation F and matrix D be represented as
M = F*D

% multiply matrix M and Z representation as N = M*Z state variable [xi x2]

% Determination of matrix operation of state estimation [x1 x2] = N
for z = [1.5; 1.5; 1.8; 1.9];
v = M*z
end
T =
0.0800 0.0800 0.0900 0.0800
0.0600 0.0600 0.0800 0.0900
D =
8.0000 8.0000 4.5000 4.0000
6.0000 6.0000 4.0000 4.5000
G =
2.0050 1.6800
1.6800 1.4450
F =
19.3117–22.4524
�22.4524 26.7959
M =
19.7795 19.7795–2.9068-23.7888
�18.8440-18.8440 6.1477 30.7718
v =
8.9075
13.0003

7. Recommendation

Considering the fact that health is wealth the relationship between the two is
frequently misconstrued. That is there is strong need for healthy living to create
wealth for man and society.
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Measurement of malaria endemictiy is basically on vector or parasites measure-
ment especially for infected cases on transmission of plasmodium parasite etc. which
may seriously leads to some vital sign and symptom: Temperature rise beyond normal
level, headache, blood pressure become abnormal, blood-sugar concentration level
may also be affected medically etc.

Evidently, the mapping of malaria transmission have demonstrated a wider
geographical distribution of the parasite (plasmodium, etc). The number of clinical
report cases due to malaria infection resulted into early mortality which is becoming an
increase on daily basis across the world. Particularly in south America, where P. Vivax is
currently the most predominant malaria species. Although control measures and pro-
grams have had a significant impact on malaria associated cases. Consequently the
centers for disease control and prevention (CDC) Saving lives, protecting people in
various states of America have considered regular, rapid and accurate diagnosis of
malaria which is an integral part to the appropriate treatment of affected individuals. It
is also requested that the CDC: Health care providers should always obtain a travel
history form patients, especially person who traveled in a malaria epidemic area, must
be evaluated for check using appropriate tests (for malaria) for purpose of healthy free
environment. This technical paper having carried out thorough extensive investigation
especially to this robust medically affected case of earthly malaria mortality for man
which may also be associated to bad measurement for vital statistics variables about a
patients. The detail history of patients measured must be checked for accurate, preci-
sion, tolerance, error etc. to the true value declared by standard world health organiza-
tion (like WHO etc). Therefore physical measurements taken by medical practioner
from patient must:

i. Regularly check for instrument calibration measurement for effectiveness
before drug prescription/administration.

ii. Consider and satisfy many associated variables measurement to the particular
emergence of incidence of malaria species before placing drugs
administration and dispensing to avoid over-does or under-dose problems
which may leads to early malaria mortality.

iii. Considering adequate treatments procedures for malaria cases which may
depends on disease severity, species of malaria parasites infections on the
view to determine the organism that is resistant to certain anti-malarial drugs
in order to provide adequate alternative provisions.

iv. Check for vaccine effectiveness to affected cases of malaria patients
particularly to age, sex, community (habitant or group of people) and other
associated multivariable’s parameter like vaccination histories etc. to avoid
gradual destruction of sensitive organs like liver and kidney etc.

v. Check for bad data measurement: the status of human body state which may
be affected by surrounding circumstances, aging of measuring instrument,
human error, temperature/humidity, sensitivity of measurement etc.

vi. This work can also be extended to include the estimation of malaria mortality
the estimation of malaria mortality and recovery rates of plasmodium
falciparium parasitaemic, using the model equations:
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The transition rates: h and r can be estimated from transition frequencies: α and βwith

ĥ ¼ α
t αþ βð Þ In

1
1� α� βð Þ

r̂ ¼ β
t α� βð Þ In

1
1� αþ βð Þ

Where;
t : time interval for estimation
h : incidence rate
r : recovery rate

8. Conclusion

The analysis of modified state estimation model is developed for estimated mea-
surement of malaria mortality in a case of a developing countries. This model help to
identify detect and flag measurement error which is classified as bad data measure-
ment; whose result may be received on drug prescription and administration for early
malaria mortality rate especially when measurement instruments are not regularly
calibrated for efficiency. This technical paper for purpose of analysis and scope
considered the associated vital statistic variables like blood-pressure (BP) using
sphygmomanometer as a key driver for this analysis. The techniques establishes a
mathematical modified state estimation model that characterizes the physical
measurement of the patient to the acceptable value of BP ¼ 120

80 mmHg
� �

in order to
satisfy the operating normal conditions.

The true value of the system model equations and error term addition are consid-
ered for purpose of estimating measurements made by physician instrument. Data
were collected from four (4) geographical area in a developing countries for purpose
of validation of the modified estimation model. The techniques allow for an algebraic
summation operation of measurement for the weighted sum provided the declared
standard measurement of blood pressure of 120mm

80 Hg is not violated
� �

.
The analysis technical paper identified bad data measurement which required

urgent attention for check: The surrounding circumstance of the patients, human
error, calibration error etc. for the purpose of determining the state of the body
system configuration.

The paper also validated this work research via the objective function fð Þ as the
calculated value versus chi-square distribution (tabular form) for 99% level of
significance with 2 degree of freedom in quantitative measures.

This paper also establishes a string conformity, uniquencie and synergy between
measured ad estimated measurements which eventually validated with objective
function calculated fð Þ and chi-square distribution and between matrix operations and
matrix laboratory code programs for a test statistics.
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Chapter 6

Bio-Efficacy of Insecticide-Treated 
Bednets (ITNs) Distributed 
through the Healthcare Facilities in 
a Boundary Community in Nigeria
Ezihe K. Ebuka, Emmanuel Obi, Nwangwu C. Udoka,  
Ukonze B. Chikaodili, Nwankwo N. Edith, 
Udezue Nkemakonam, Egbuche M. Chukwudi  
and Okeke C. Peter

Abstract

This study was conducted to evaluate the susceptibility and efficacy of three 
insecticidal treated bednets; Olyset®, PermaNet2.0® and MAGNet® collected from 
the different health facilities, against Anopheles mosquitoes under laboratory condi-
tions. PermaNet3.0 was used as a positive control. Larval collections were carried out 
and reared at the insectary of National Arbovirus and Vector Research Centre, Enugu 
State. Anopheles Kisumu mosquitoes were used as the standard control in the cone 
bioassay test. The bioassay showed that the wild An. gambiae s.l. and An. gambiae 
Kisumu strains were susceptible (100% mortality) to the PermaNet3.0® used as posi-
tive control while the wild-caught Anopheles were resistant to the mono-treated ITNs. 
The mortality effect of the net brands showed that the brands have a statistically 
significant effect on the mosquito mortality after 24 hours F (2, 18) = 14.32, p < .001), 
while the sides of the net did not have a statistically significant effect on the mosquito 
mortality (F (3, 18) = 1.67, p = .209). This study also suggests the need to develop 
and adopt routine monitoring of the ITNs at the health facilities, as it will inform the 
replacement of ineffective nets. However, a mass campaign of PBO nets is necessary 
for the state to achieve and maintain the universal coverage of ITNs.

Keywords: bednet, efficacy, bioassay, malaria, Nigeria

1. Introduction

Noticeable progress has been made in the fight against malaria and most of this 
progress can be attributed to the scale-up of malaria control interventions. The 
interventions include insecticidal treated nets (ITN), indoor residual spraying 
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(IRS), chemo-prevention for pregnant women and children and treatment 
with artemesinin-based combination therapy [1]. Insecticide-treated nets (ITNs) 
are a widely used tool that has been proven to be effective in the prevention and 
control of malaria in malaria endemic countries [2].

ITNs are mosquito nets treated with insecticides that do not require any re-
impregnation. They are designed to retain their efficacy against mosquito vectors 
for a minimum of 3 years or 20 standard washes under laboratory conditions [3, 4]. 
However, it has been recommended that ITNs should be made available to all individu-
als at risk in endemic areas, regardless of age, universal access [5, 6], which is defined 
as the availability of one mosquito net for every two individuals [7]. Of the 663 million 
cases that were avoided owing to malaria control interventions between 2001 and 2015 
in sub-Saharan Africa, it is estimated that 69% were circumvented with the use of 
ITNs, 21% with artemisinin-based combination therapy, and 10% with IRS [8].

Between 2008 and 2016, more than 1 billion ITNs have been distributed in Africa 
through mass campaigns and replacement programmes; and the scale-up has contrib-
uted immensely to the drop in malaria incidence by 68% [9, 10]. WHO recommends 
that countries maintain universal coverage through a combination of health facility 
distribution and continuous distribution through community-based channels [3].

Monitoring the insecticide performance of the ITNs distributed through a mass 
campaign is a priority for the Integrated Vector Management (IVM) sub-committee 
of the National Malaria Elimination Programme (NMEP), as studies have confirmed 
insecticide survival time rate of 3–4 years in Nigeria [11], 2.5 years in Tanzania [12], 
3.1–3.3 years in Zanzibar [13] and 2.5–3 years in Zambia [14].

The study aims to determine the insecticidal effectiveness of the net sides and 
brands (PermaNet 2.0®, Olyset® net and MAGNet®) distributed through the 
primary healthcare facilities in the boundary community with known high pyrethroid 
resistance status using the WHO cone bioassay. The study also intends to compare 
the efficacy of the mono-treated nets (PermaNet 2.0®, Olyset® net and MAGNet®) 
with a PBO net (PermaNet3.0®).

2. Methodology

A cross sectional study on the efficacy of different sides and brands of ITNs 
(PermaNet2.0®, Olyset® and MAGNet) collected from the Primary Health 
Care (PHC) Centres were assayed. The PHCs includes Amechi-Idodo Health Centre, 
Ohani (6.44326’N, 7.71239′E) and Eziama Health Centre (6.41989’N, 7.71880′E) in 
Amechi-Idodo, Nkanu East of Enugu state, Nigeria. Two nets of each of the 3 net 
brands were collected from the health facility for the assessment.

Mosquito larvae were collected from the four communities (Eziobodo, Obinagu, 
Eziama and Ohani) in Amechi Idodo. A geo-referenced map of the collection points 
was created to show that these villages are contiguous as well as borders Ebonyi State, 
Nigeria as seen in Figure 1.

3. Collection of Anopheles mosquito larvae

The test requires a 2–5-day old female adult mosquito so the larval population of 
Anopheles mosquitoes were collected from the four communities. The larvae were 
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collected according to the method of Service (1993). The larvae collected from sunlit, 
open pools were carefully transferred in a slightly covered container to the insectary 
of National Arbovirus and Research Centre Enugu (NAVRC) where they were reared 
to adult.

The field-collected larvae were reared to the adult stage with part of the water 
from the breeding habitat according to Chukwuekezie et al. [15]. Care was taken to 
remove all the predators from the collections.

Figure 1. 
Map of larval collection sites in Amaechi-Idodo, Nkanu east L.G.a.
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4. Anopheles gambiae Kisumu colony used as standard

A. gambiae s.s. (Kisumu strain) that has been characterized and demonstrated to be 
susceptible to insecticides was used for the bioassay. Insecticide resistance testing using 
the WHO test procedure [16] on the An. gambiae Kisumu strain takes place every three 
months to ascertain that the susceptibility of the mosquitoes to insecticides is maintained. 
The strain is colonized at the insectary of NAVRC, Throughout this period, the relative 
humidity and temperature were maintained at 80 ± 10% and 25 ± 2°C, respectively.

5. Test insecticide treated nets (ITNs)

5.1 Olyset net

Olyset® net is a pre-qualified net by WHO with 2% w/w of permethrin insecticide 
incorporated into the fibers of the nets. The net uses hybrid polymer and controlled 
insecticide release technology to repel, kill and prevent mosquitos from biting for up 
to five years.

5.2 MAGNet®

MAGNet® net is also a pre-qualified net by WHO with alpha-cypermethrin 
insecticide incorporated with the 150-denier high density Polyethylene (HDPE) fila-
ment which diffuses to the surface of the net slowly and this small amount released is 
enough to kill a mosquito.

5.3 PermaNet®

PermaNet 2.0® is a pre-qualified net by WHO. It is a knitted poly filament 
 polyester fiber which are infused with deltamethrin.

5.4 PermaNet3.0®

PermaNet3.0® was used as positive control because of the synergistic effect of 
the PBO. It is made mainly of polyethylene fabric incorporated with 2.1 g/kg ± 25% of 
deltamethrin alone (on the upper sides) and 4 g/kg ± 25% of deltamethrin combined 
with 25 g/kg of a synergist piperonyl butoxide (PBO) on the roof and coated with 
2.8 g/kg ± 25% of deltamethrin on the lower sides, also called borders. The lower sides 
are reinforced with polyester fabric [17].

5.5 Cone test

The WHO cone bioassay was carried out at the Entomology Laboratory of the 
National Arbovirus and Vectors Research Centre, Enugu. The cone test was used to 
assess the insecticidal effectiveness of the three WHO pre-qualified ITNs. The test 
was conducted following the WHO protocol. Four sub-samples (replicates namely 
the sides A, side B, Side C and the Roof) measuring 25 cm × 25 cm were cut from 
each of the three nets as indicated in Figure 2. The same net sides as seen in Figure 2 
were cut from an untreated bednet without insecticide and was evaluated alongside 
the assay. Each net was fastened to the cone and five non-blood-feed, 2–5-day-old 
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female Anopheles mosquitoes were exposed to each piece of netting for 3 minutes 
according to the protocol of WHO [3]. The mosquitoes were then removed from 
the cones and transferred to resting tubes with access to 10% sugar solution. The 
number of knockdown (KD) was recorded every 10 minutes for up to 60 minutes 
after exposure and effective mortality was assessed 24 hours after exposure.

6. Data analysis

According to the WHOPES, the two main outcomes proposed in its guidelines 
to assess the bio-efficacy of LLIN on mosquitoes exposed for three minutes are: (i) 
mortality after 24 hours≥80%, and (ii) a KD rate after 60 minutes ≥95%. Although 
the standard protocol recommends using the two outcomes, i.e., mortality of 80% or 
KD ≥ 95% [3, 18].

The result were subjected to descriptive statistics such as mean and standard 
deviation (SD) to determine the average number of mosquitoes that died after 24 hours 
and those that were knocked down at 30 minutes and 60 minutes post-exposure to 
the different brands and different sides of nets. The Global Validation of Linear Model 
Assumption (GVLMA) was used to assess the data for conformity to linear model 
assumptions. Inferential statistics the analysis of variance (ANOVA) were used to 
compare the means of mosquito knockdown and mortality across the different groups 
of net brands (Olyset®, PermaNet2.0®, and MAGNet®), sides of the net (A, B, C, and 
roof), and mosquito status (wild or Kisumu). The interaction effect, simple main effect 
or main effect of the different groups on the mortality or knockdown of the mosquitoes 
were assessed, accordingly. BeforeThe Tukey’s post hoc test was used for pairwise com-
parison of the means in groups that had statistically significant differences. Statistical 
significance was determined at 5% probability level (p < 0.05). However, for the simple 
main effect, statistical significance was determined at a probability level of 0.01 to 
avoid Type 1 error. The statistical analysis was performed in R version 4.1.1 [19], using 
the packages; dplyr [20], gvlma [21], ggplot2 (Hadley [22]), and emmeans [23].

7. Results

7.1  Effect of net brands on the mortality of wild An. gambiae s.l. for different sides 
of the net

Mortality observed with the positive control (PermaNet3.0®) for all the nets 
tested was 100% irrespective of the net side. On the other hand, the treatment 

Figure 2. 
Net sides and the roof of the net brands cut out for cone bioassay.
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recorded the least mortality in MAGNet® for all the sides to which the mosquitoes 
were exposed. A two-way ANOVA was performed to analyze the effect of net brands 
and net side on the mortality of wild An. gambiae s.l. The result as shown in Figure 3 
revealed that there was not a statistically significant interaction between the effects 
of net brands and the net side (F (6, 12) = .92, p = .513). The main effect analysis 
showed that the net brands have a statistically significant effect on the mosquito 
mortality after 24 hours (F (2, 18) = 14.32, p < .001), while the sides of the net did 
not have a statistically significant effect on the mosquito mortality (F (3, 18) = 1.67, 
p = .209). Tukey’s test for multiple comparisons revealed that the mean mortality 
was significantly different between Olyset® and MAGNet® (p = .003) and between 
PermaNet2.0® and MAGNet® (p < .001). There was no statistically significant dif-
ference in mean mortality between Olyset® and PermaNet2.0® (p = .495).

7.2  Comparison of the effect of nets brands on the mortality of wild and 
susceptible An. gambiae s.l.

Least percentage mortality with the wild mosquitoes was observed in MAGNet®, 
irrespective of the net side to which the mosquitoes were exposed to. A similar obser-
vation was recorded in the susceptible mosquitoes except for mosquitoes exposed to 
Side B, where the least percentage mortality was observed in Olyset®. It was shown 
in Figure 4 that irrespective of the side of the net the mosquitoes were exposed to, 
the susceptible An. gambiae s.l. recorded higher mortality than the wild mosquitoes 
in all the nets tested. A two-way ANOVA was performed to analyze the effect of net 
brands and mosquito status on mortality. The result revealed that there was not a 
statistically significant interaction between the effects of net brands and mosquito 
status (F (2, 42) = 2.54, p = .091). The main effect analysis showed that the net brands 
and the mosquito status both have a statistically significant effect on the mosquito 
mortality after 24 hours (F (2, 44) = 16.60, p < .001 and F (1, 44) = 44.08, p < .001, 

Figure 3. 
Effect of net brands on the mortality of wild An. gambiae s.l. for different sides of the net.
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respectively). Tukey’s test for multiple comparisons revealed that the mean mortality 
was significantly different between PermaNet® and MAGNet® (p = .001). There 
was no statistically significant difference in mean mortality between Olyset® and 
PermaNet® (p = .260) or between Olyset® and MAGNet® (p = .083).

7.3  Knockdown effect (30 minutes post-exposure) of net brands on wild An. 
gambiae s.l. exposed to the different sides of the net

The treatment recorded the highest knockdown (30 minutes) in mosquitoes 
exposed to Side C of both the PermaNet2.0® and MAGNet® nets as shown in 
Figure 5.

The result of a two-way ANOVA performed to analyze the effect of net brands and 
the side of nets on knockdown after 30 minutes revealed that there was not a statisti-
cally significant interaction between the effects of net brands and the side of the net 
(F (6, 12) = 1.13, p = .404). The main effect analysis showed that both the net brands 
and the side of the net do not have a statistically significant effect on the knockdown 
after 30 minutes (F (2, 18) = 1.08, p = .361 and F (3, 18) = .96, p = .433, respectively).

7.4  Knockdown effect (60 minutes post-exposure) of net brands on wild  
An. gambiae s.l. exposed to the different sides of the net

In both PermaNet 2.0® and MAGNet®, the treatment recorded the highest 
knockdown (60 minutes) in mosquitoes exposed to Side B of the nets, while the least 
was observed on Side A as seen in Figure 6.

Figure 4. 
Comparison of the effect of nets brands on the mortality of wild and susceptible An. gambiae s.l.
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The result of a two-way ANOVA performed to analyze the effect of net brands 
and the side of nets on knockdown after 60 minutes revealed that there was not a 
statistically significant interaction between the effects of net brands and the side 
of the net (F (6, 12) = 1.49, p = .263). The main effect analysis showed that the net 
brands did not have a statistically significant effect on knockdown after 60 minutes of 
exposure (F (2, 18) = .13, p = .877). The net side, on the other hand, has a statistically 
significant effect on knockdown after 60 minutes (F (3, 18) = 4.46, p = .017). Tukey’s 
test for multiple comparisons revealed that the mean knockdown (60 minutes) was 
significantly different between sides A and B (p = .006) only.

7.5  Comparison of the knockdown (after 30 minutes) effect of nets side on wild 
and susceptible An. gambiae s.l

Susceptible mosquitoes recorded a higher mean percentage knockdown (after 
30 minutes) in all the nets tested. The result of a two-way ANOVA performed to ana-
lyze the effect of the side of nets and mosquito status on knockdown after 30 minutes 
revealed that there was a statistically significant interaction between the effects of the 
side of the net and the mosquito status (F (3, 40) = 10.35, p < .001). At an alpha level 
of .012, the mosquito status effect within the Side A group was statistically significant 
(p = .001). On Side A of the nets, the mean knockdowns after 30 minutes was 0 for 
the wild mosquito and 3 for the Kisumu as seen in Figure 7.

7.6  Comparison of the knockdown (after 60 minutes) effect of nets side on wild 
and susceptible An. gambiae s.l.

The result of a two-way ANOVA performed to analyze the effect of the side of 
nets and mosquito status on knockdown after 60 minutes revealed that there was a 

Figure 5. 
Knockdown effect (30 minutes post-exposure) of net brands on wild An. gambiae s.l. exposed to the different sides 
of the net.
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statistically significant interaction between the effects of the side of the net and the 
mosquito status (F (3, 40) = 4.5, p = .008). At an alpha level of .012, the mosquito 
status effect within the Side A group was statistically significant (p = .001). On Side A 
of the nets, the mean knockdowns after 60 minutes was 1 for the wild mosquito and 
4 for the Kisumu. It was shown in Figure 8 that the susceptible mosquitoes recorded a 
higher mean percentage knockdown (after 60 minutes) in all the nets tested.

8. Discussion

This study is one of the first conducted in the South-east of Nigeria to compare 
the response of local malaria vectors in a boundary community known to have pyre-
throid-resistant malaria vectors to ITNs available in the health facilities. Pyrethroid 
insecticides used to treat nets have an excito-repellent effect that adds a chemical 
barrier to the physical barrier. The insecticide kills mosquito that encounters the 
ITNs, thus reducing the vector population [24]. Variations in the mortality of malaria 
vectors to different types of ITNs used for the study were generally low, especially 
with nets treated with pyrethroids only. Several studies have shown a decrease in the 
bio-efficacy of ITNs against local pyrethroid-resistant vectors [25, 26]. The highest 
mortality of 62.5% attained in the study with PermaNet2.0® is still below the 80% 
mortality and 90% KD60 approved by the WHOPES. The mortality recorded using 
PermaNet2.0® treated with deltamethrin was found to be significant compared to 
other net brands (Olyset® and MAGNet®). Irrespective of the sides of the net tested, 
higher mortality was recorded especially between Olyset® and PermaNet2.0® when 
the susceptible mosquitoes were exposed to the nets as compared to the mortality in 

Figure 6. 
Knockdown effect (60 minutes post-exposure) of net brands on wild An. gambiae s.l. exposed to the different sides 
of the net.
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the wild mosquitoes. The findings observed in the study showed that mortality was 
brand-dependent and not side-dependent. However, the efficacy of ITN treated with 
alpha-cypermethrin (MAGNet®) was generally lower than that of the other ITNs 

Figure 7. 
Comparison of the knockdown (after 30 minutes) effect of nets side on wild and susceptible An. gambiae s.l.

Figure 8. 
Comparison of the knockdown (after 60 minutes) effect of nets side on wild and susceptible An. gambiae s.l.
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irrespective of the sides tested. Anopheles mosquitoes in Amechi-idodo was shown 
to be resistant to the pyrethroids in the PMI entomological surveillance studies [27], 
especially for the three insecticides used in impregnating the three brands of nets. 
According to the findings by PMI [27] in Amechi-Idodo, using WHO susceptibility 
bioassay showed that Anopheles gambiae complex in the study site had a mortality of 
19% for Permethrin, 68% for alpha-cypermethrin and 84% for deltamethrin which 
are the insecticides used in impregnating Olyset®, MAGNet® and PermaNet2.0® 
respectively. The comparison of ITNs bio-efficacy performed in this study provides the 
necessary information for the selection of appropriate ITNs for mass distribution. The 
reduced efficacy of pyrethroid-only ITNs could be attributed to the selection pres-
sures exerted using the same class of insecticide for pest control in agriculture which 
describes Amechi-Idodo as agrarian and as seen in the studies of [28, 29]. A similar 
finding was observed in southwestern Ethiopia by Yewhalaw et al. [25] and in Uganda 
[30] where the researchers recorded a reduced efficacy of mono-treated ITNs against 
wild-resistant An. gambiae s.l. in comparison with the response of the same mosquito 
population to PermaNet3.0® treated with deltamethrin + PBO. The new-generation 
ITN with pyrethroids and PBO (PermaNet3.0®) in the study showed higher efficacy 
than mono-treated ITNs (PermaNet2.0®, MAGNet® and Olyset®). However, the 
strong resistance of local vectors to pyrethroids especially deltamethrin suggests that 
the combination of deltamethrin + PBO will be the most appropriate strategy against 
local vectors in the study area for now. According to the findings of PMI [31], synergist 
test with PBO showed a complete restoration to pyrethroid susceptibility (54–98% 
for permethrin and 90–100% for deltamethrin) of A. gambiae s.l collected from 
Ohaukwu, an adjourning local government in Ebonyi state and this was observed in 
the study that the use of PBO net significantly showed an increased in the mortality of 
mosquitoes.

The results of this study, therefore constitute important evidence that can guide 
decision making in the selection and distribution of high-efficacy ITNs in the east-
ern region of Nigeria, as evidence has shown in the studies of [15, 32] that A. gam-
biae s.l is resistant to all pyrethroids. The use of ITNs that showed high bio-efficacy 
against the local vector populations should be encouraged to significantly reduce the 
transmission of malaria indoors. Indoor biting in the study area has shown to occur 
mainly from 10 pm to 6 am [27] and the infectivity rate in the neighboriong state 
is as high as 6.6%, highlighting the importance of ITNs [31] thereby a need for an 
efficient ITNs.

Despite the importance of our findings, there are some limitations. An epide-
miological survey concerning the protection offered by the ITNs would have been 
ascertained to see the real efficacy of the nets in the study area. The evaluation of 
the efficacy of the ITNs would have been better if tunnel tests were conducted on 
nets, as none of the nets met the criteria of 80% mortality with resistant mosquito 
strains. Also, chemical analysis of the ITNs prior to the start of the study would have 
improved the quality of the results and also the effect of temperature and relative 
humidity on the stored ITNs and for how long will also help in answering the question 
of the low efficacy obtained.

This study recommends the need to develop and adopt routine monitoring of 
the ITNs at the health facilities, as it will inform the replacement of ineffective 
nets. However, a mass campaign of PBO nets is necessary for the state to achieve 
and maintain the universal coverage of ITNs as the Antenatal care and Expanded 
programme on immunization channels are no longer sufficient for the continuous 
distribution of ITNs.
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Chapter 7

Interventions and Practical 
Approaches to Reduce the Burden 
of Malaria on School-Aged 
Children
Andrew Macnab

Abstract

Robust evidence indicates school-aged children are particularly vulnerable to 
malaria and need special measures to protect them. Calls are widespread for better 
diagnostic approaches and innovative programs that benefit children, because current 
levels of malaria-related morbidity and mortality are so high. Problematically, most 
national malaria control programs do not specifically target school-aged children; 
although the literature describes options for child-focused strategies, there is no 
consensus on the optimal intervention; and where a strategy is advocated, it is almost 
always one identified through systematic review. While understandably the scientific 
“gold standard,” such reviews exclude many potentially useful and valid approaches, 
because reports describing them do not meet the inclusion criteria of being random-
ized controlled trials. Such trials are inevitably limited in number due to cost and 
complexity, and many excluded reports describe locally developed innovation based 
on World Health Organization diagnostic and therapeutic guidelines with the poten-
tial to benefit children. This chapter frames how practical interventions such as these 
can be put in place by school communities, and in parallel, how approaches advocated 
by the WHO and Lancet Commission to promote health literacy and access to essen-
tial health services can create ways to reduce the burden of malaria on school-aged 
children.

Keywords: artemisinin combination therapy, cognitive impairment, intermittent 
protective treatment, health promotion, rapid diagnostic testing, seasonal malaria 
chemoprophylaxis, school-based prophylaxis, task shifting, teachers, WHO health 
promoting school (HPS) model

1. Introduction

Malaria exemplifies how health inequity negatively impacts children’s lives and 
their ability to benefit from education. While global investment in recent years to 
fight malaria has led to millions of malaria deaths being averted, and this progress has 
certainly benefited young children [1], bold decisions are still needed to control the 
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disease [2], and especially to meet the longstanding calls for specific interventions to 
reduce the burden of disease in school-age children [3–6]. Overall, policies to address 
the high prevalence of malaria infection in this age group are lacking, and school-age 
children continue to attract little attention as a group in need of special measures to 
protect them [4, 7].

Although leading authors have recommended that malaria should be included as 
a key component of school health programs, the clear ideas and defined approaches 
required to effectively improve malaria control among school-age children remain 
unforthcoming [5]. Even a recent Lancet commentary largely echoed prior 
(unheeded) calls for interventions specifically targeting this age group by reporting 
more trials which had failed to define a universally applicable intervention, and offer-
ing the potential cost of programs and lack of policy support as continuing barriers to 
progress [3]. However, effective school-based approaches do exist that can positively 
impact morbidity. Importantly they include elements that are simple and broadly 
applicable, and will improve health and wellbeing and in doing so increase the 
capacity of children to learn [1, 7, 8]. Many also have the ability to benefit the broader 
community beyond the school in the context of malaria.

In a prior review (2020), Macnab described the global impact of malaria on school 
children, and outlined the principal school-based strategies tried as a way to reduce 
the adverse effects of infection on the health of children, their ability to attend school 
and on their long-term academic potential [7]. Such strategies continue to include 
seasonal chemoprophylaxis, intermittent protective treatment and antimalarial 
therapy linked to mass drug administration for neglected tropical diseases. This 
review also emphasized the global need for children to be educated about malaria 
at school so that they understand how it is caused, how it can be prevented, and the 
importance of early diagnosis and prompt treatment. This is a fundamental need in 
addition to being a necessary component that must be provided in parallel with any 
preventive or therapeutic strategy if it is to be fully effective.

Expanded and innovative strategies are needed to regain momentum over malaria 
control, including new and better diagnostic approaches to address malaria in chil-
dren because of the current levels of morbidity and mortality [9]. The WHO estimates 
widespread deployment of insecticide-treated bed nets, vector control programs, 
rapid diagnostic testing, new treatments and prophylactic strategies have averted 7·6 
million deaths since 2000. But recently stated global targets to reduce case incidence 
and mortality rates by at least 90% by 2030 are now at risk, and emphasize again that 
a disproportionate disease burden falls on children [10].

Schools are important in the fight against malaria on several levels. Simple and 
inexpensive additions to the curriculum can increase children’s knowledge and 
improve their health, and where teachers are engaged and taught the necessary skills 
schools can provide their pupils with timely diagnosis and treatment. School-based 
programs that educate children broadly on the causation and prevention of malaria 
and what care is required, reduce child morbidity. But health promotion in schools is 
also known to benefit the broader community, as where children receive appropriate 
guidance they can act as agents for change both within and beyond the school and 
spread the knowledge they acquire to their families and beyond [3, 11, 12]. This will-
ingness and ability to share learned concepts and practices also indicates that children 
educated in this way acquire higher levels of health literacy [13].

As early as 2005 Afenyadu et al. proposed improving access to treatment for 
children with malaria by engaging teachers in care [14]. But the first endorsement of 
this approach came from the International Pediatric Association (IPA) following a 
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2-year trial in rural Uganda of a community participatory intervention model where 
teachers were taught to screen all sick children using rapid point-of-care diagnostic 
testing (RDT) and treat those testing positive promptly [15]. The IPA identified this 
model as applicable worldwide in areas where malaria is endemic, because it signifi-
cantly reduced morbidity from malaria in school-aged children, and the diagnostic 
and treatment components were based on the approaches recommended by the World 
Health organization (WHO) [16].

School-based health care delivery has the potential to benefit more than 1 billion 
children worldwide [17]. The WHO ‘Health Promoting School’ (HPS) model is one 
potential way to initiate school health programs [18]. The model is based on simple 
concepts and is flexible. The aim is to generate life-long learning through additions 
to the curriculum that enable children to acquire both relevant health ‘knowledge’ 
and practical ‘skills’ with the overarching objective of positively influencing social 
determinants of health [19]. Many schools initiate basic health promotion programs 
independently, others require varying levels of teacher training, resource provision 
and ongoing support [20]. The WHO now endorses school programs as a way to 
address specific health challenges worldwide.

Effective engagement of schools in health promotion and care delivery is most 
readily achieved where policies to do so are in place and practical support is provided 
[17, 21]. Currently there are calls to improve the overall health of children as a way to 
promote their learning and enable them to achieve their full potential [7]. This has 
come about because of the growing recognition that good health at school improves 
educational outcomes, which in turn builds human capital: “the sum of a popula-
tion’s health, skills knowledge and experience that is central to a country’s economic 
growth” [3]. Importantly, addressing malaria in school-age children is now an ele-
ment in this goal to build human capital.

There is growing evidence of ‘what works and why’ in the context of health 
promotion in school settings. Gaps remain in our understanding of the optimal 
intervention and programing needed in the context of malaria, and ongoing efforts 
to conduct research to identify effective programs is essential, and ideally followed 
by the conduct of randomized controlled trials [7]. Cohee has described school 
health as “the key to unlocking the potential of the world’s children,” and that 
“schools offer a uniquely sustainable platform for health delivery in low resource 
settings, while at the same time influencing community change through their 
education role” [3].

Importantly, the literature describes several approaches employed successfully 
to address malaria in school-aged children, and while many have significant limita-
tions in terms of being broadly applicable, these too may still be the right approach 
in defined circumstances. New strategies are also being proposed; many are innova-
tive modifications of prior approaches, some are specific refinements to address 
challenges like emerging drug resistance, and of course the new recommendation 
for the first malaria vaccine to be rolled out on a large scale now has to be factored 
into national programs to fight malaria [22, 23]. The aim must be to find broadly 
applicable, socially acceptable, cost effective, interventions to reduce mortality and 
morbidity in school children. Such programs in turn will ensure that malaria does 
not negatively impact the ability of participating children to achieve their academic 
potential by minimizing the risk of short- and long-term cognitive impairment, and 
that the broader community becomes better informed about the challenge of malaria 
and ways to address it, through the ‘trickle down’ effect of pupils sharing knowledge 
and skills learned with their families [24]. Where programs successfully reduce the 
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incidence of infection in children, the broader community also benefits through the 
overall local reduction in the reservoir of malaria transmission [8].

2. Therapeutic and interventional approaches

Despite being preventable, detectable and curable, malaria remains one of the 
main causes of mortality and significant morbidity due to infectious disease [9]. 
Trialed approaches to reduce morbidity in school-age children include prophylaxis, 
intermittent protective treatment (IPT), mass drug administration (MDA) and 
combination of rapid diagnosis and treatment. Preventive treatment to protect 
school-aged children significantly decreases P. falciparum prevalence, malaria-related 
anemia, and also the risk of subsequent clinical infection across transmission settings. 
Hence the logic of policies to make therapeutic intervention strategies broadly avail-
able to protect this age group; this approach could also provide benefit by decreasing 
transmission, and thereby advance the goal of malaria elimination [8].

2.1 Prophylaxis

In areas where malaria is endemic prophylaxis is generally not recommended for 
children due to poor adherence to prescribed regimens, limited compliance due to 
cost, side effects over time, and the risk of emergence and drug resistance [25].

2.2 Intermittent protective treatment (IPT)

IPT involves periodic drug administration at defined intervals of a full therapeutic 
dose of a single drug, or drugs in combination, to those at high risk regardless of their 
infection status. Trials have involved two main approaches, seasonal malaria chemo-
prevention and intermittent parasite clearance. An example of IPT delivery through 
schools is described by Fernando et al. from Sri Lanka [26]. In a randomized double-
blind placebo-controlled trial school children aged 6–12 years were given weekly 
chloroquine or placebo for 9 months. The incidence of malaria fell in the treated 
group, and a significant difference in absence from school and a marked improvement 
in school performance was found between them and those pupils receiving a placebo. 
Evidence from several African countries has shown that seasonal malaria chemo-
prevention measures can be highly effective, with most severe malaria eradicated, 
and a reduction in P. falciparum prevalence, the incidence of clinical uncomplicated 
malaria, and malaria-related anemia [27].

Trials data generally indicate that IPT regimens benefit school-age children by 
reducing rates of infection, improving health, decreasing absence from school, 
enhancing academic achievement, and protecting cognitive ability [28, 29]. There 
is consensus that IPT is a safe and simple strategy that offers remarkable protection 
in school-aged children in high-malarial-transmission settings, and preferable to 
prophylaxis. Effective strategies are seen as a potentially valuable addition to school 
health programs [30]. Evidence from several African countries has also shown that 
SMC using SP-AQ is highly effective, eradicating most severe malaria, and leading to 
strong reduction in P. falciparum prevalence, the incidence of clinical uncomplicated 
malaria, and malaria anemia; two systematic reviews and meta-analyses on efficacy 
and safety summarize the pros and cons of specific drug regimens [31, 32].
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2.3 Mass drug administration (MDA)

MDA is a WHO endorsed strategy to control 7 of a group of 13 major, disabling 
and ‘neglected’ tropical diseases (NTDs) (ascariasis, trachoma, trichuriasis, hook-
worm, schistosomiasis, lymphatic filariasis, and onchocerciasis) [33]. MDA has been 
combined with the delivery of other care entities in school-based settings. In Ghana, 
combining IPT for malaria with MDA to control intestinal soil-transmitted helminths 
benefited measures of anemia, sustained attention and recall [34]. And, in Malawi 
the approach was found to be well-tolerated, safe for teachers to administer, benefi-
cial, and well-received by parents; all findings of obvious practical importance [35]. 
Adding malaria IPT to already established NTD control programs also increases the 
cost-effectiveness of both interventions, particularly where teachers are trained to be 
part of program delivery.

2.4 Combined rapid diagnosis and treatment

Diagnosis and treatment in combination employs the use of rapid diagnostic test 
kits (RDT) and treatment of those testing positive with artemisinin combination 
therapy (ACT). This has primarily been a clinic-based strategy, and is an approach 
endorsed by the WHO as the first-line of treatment in areas where malaria is endemic 
[7, 16]. In order to increase access to this standard of care, several countries have 
reported expanding the role of pharmacists by training them how to do RDTs [36]. 
Reports have also followed of successful ‘downstream’ expansion through school-
based programs where appropriately trained volunteer teachers administer RDT to 
all children who are sick at school, and administer ACT promptly to those testing 
positive [15, 37].

RDTs are an inexpensive diagnostic approach, reliably estimate infection in low 
and high prevalence categories, and have the major advantage that they make imme-
diate treatment feasible [38]. The sensitivity and specificity of RDTs are good enough 
for them to replace conventional testing for malaria. The positive impact of RDTs on 
malaria management has been widely demonstrated, and effective roll-out and sus-
tained use on a national scale has been achieved through well planned implementa-
tion [39]. Basic training in their use also enables teachers and other providers without 
a healthcare background to use them reliably [40]. When employed for school-based 
diagnosis it has been shown that practical aids in the form of step-by-step usage 
guides can improve performance. Like any technology, refinement will likely be 
needed over time to keep to keep RDTs a cutting edge diagnostic entity.

ACTs are a unique class of antimalarial drugs. Developed from plant-based perox-
ides they kill young intraerythrocytic malaria parasites before they can develop into 
more harmful mature forms; this achieves a robust parasitological response which 
results in rapid clinical improvement [41]. More than 20 years ago the WHO recom-
mended ACT as the first-line treatment for P. falciparum malaria in all countries with 
endemic disease [42]. The benefits of genuine ACTs are considerable, and include 
their fast action, high efficiency, minimal adverse effects, low cost, and the potential 
to lower the rate at which resistance emerges and spreads [43]. However, care must be 
taken over the choice of the preparation used, because sub-standard and counterfeit 
products with little or no efficacy pose severe threats to human health, and there is 
increasing concern over the emergence of resistance to this class of drugs [44].

Where the efficacy of ACTs is high, more could be achieved through increasing 
their availability. But in spite of the large body of evidence for both the efficacy and 
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safety of ACTs this drug class is not being used as widely or as comprehensively as it 
should be [45]. An additional concern is that even when they are available, the way 
ACTs are used does not always conform to international guidelines [46]. There are of 
course many practical challenges to making ACTs more available globally, including 
cost, and finding effective ways to distribute and administer ACTs to a greater number 
of children, who are arguably the population who needs them most [47]. Continuing 
to search for innovative ways to increase ACT availability and promote their appropri-
ate use are two essential components for improving malaria control in school-aged 
children. Approaches to date with promise include: a community case management 
approach, where a variety of trained providers are used to deliver ACTs [48], distribu-
tion through agents in drug stores, pharmacies and private medical clinics [49], and of 
course via teachers in school health programs [15, 37].

Importantly, the use of RDT and ACT is endorsed by the WHO, and arguably, 
increasing access to this combined diagnostic and treatment approach is one of the 
simplest and potentially most cost-effective ways to reduce malaria morbidity among 
school-aged children. This is especially true in countries that are already using RDT 
and ACT in government hospitals and clinics, as expansion of bulk purchasing and 
scale up of distribution offer a more economic proposition than developing new 
programs which will potentially require other drugs and alternative infrastructure. 
The use of RDT and ACT in non-traditional outlets is particularly applicable in rural 
areas where distance limits ready access to hospital and clinic facilities.

2.5 Multiple first line therapies

Use of multiple first-line therapies (MFT) is an emerging strategy where several 
ACTs are prescribed together rather than a single first-line ACT. Because antimalarial 
treatment currently depends so heavily on artemisinins, the evolution of resistance 
to ACTs in some parts of the world seriously threatens the overall effectiveness of 
antimalarial treatment [50]. The emergence of resistance is compounded by use of 
these drugs in some of the poorest countries in the world, where the dosage used is 
often incorrect, ineffective counterfeit products are widespread, poor quality drugs 
are commonly purchased due to their lower cost, and a complete course of treatment 
is not taken as some is held back to use with future illness [44].

The WHO has also identified that the dosage recommendations for a number of 
antimalarials used in children have not always been optimal. This is largely evident 
where schedules are derived from adult dosing regimens [46]. This too creates 
increased selection pressure for the emergence and spread of resistance. However, 
while there is growing concern that resistance to ACTs could spread rapidly, modeling 
predicts that using MFT rather than a single first-line ACT will reduce the number 
of treatment failure in the long term, and prolong the effective life of this important 
class of drugs [51].

3. School-based community teacher-driven intervention models

3.1 History

As early as the 1920’s it was recognized that use of malaria suppressive drugs 
for special groups might be beneficial. Quinine was tried in Ghana (Gold Coast) 
in 1925 with little success. In the 1950’s several school-based trials of the synthetic 
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antimalarial pyrimethamine were conducted in sub-Saharan Africa; these showed 
that malaria could be successfully controlled, and treated children were found to have 
significantly better general health and average weight gain compared to untreated 
children [7].

In 1955 Colbourne reported using a combination of amodiaquine and pyrimeth-
amine to suppress malaria in 7-year-old children in a school in Accra, Ghana. In the 
regimen used, children received amodiaquine at the beginning of each term to clear 
parasitemia followed by pyrimethamine weekly to provide suppression. A control 
group received comparable placebo. In treated children a 50% reduction in absenteeism 
resulted; the first use of this measure as a surrogate for morbidity from malaria [52].

3.2 Teacher administered RDT and ACT

This community participation teacher-driven model was first implemented in 4 
low resource communities in Uganda where sick children were usually just sent home 
for parents to manage, and teachers had identified the burden malaria was taking 
on the health and academic potential of their pupils [15]. In order to ensure that the 
resources and will of the community were behind any program implemented, the 
principles of respectful engagement were followed by engaging in dialog with com-
munity leaders, teachers and parents and exploring a range of possible interventions. 
The plan the community chose as the best, locally achievable approach was for two 
volunteer teachers in the each of the schools to be trained how to use RDT kits to test 
for malaria in all the children falling sick at school on a daily basis, and administer 
ACT promptly to all those testing positive.

In order to evaluate the effect, the schools were taught to formally record their 
regular daily census of which pupils were present or absent at school, and how to 
document numeric and descriptive data on the children requiring the planned inter-
vention. The daily census data documenting when and how long any child was absent 
were then recorded for a full year prior to testing and treatment beginning. During 
that time a local clinic ran training days to teach all required skills and safety proce-
dures to the teachers [53], orient the schools on data collection, screening and treat-
ment, and set up delivery of the RDT kits and ACT supplies. The same data collection 
on absenteeism was then continued during the following year; the consecutive 2 year 
timeline was to ensure no bias from seasonal variations in malarial infection. In addi-
tion, the number of children found to be sick each day, tested using RDT, found to be 
RDT positive for malaria, and who received ACT was documented. A brief clinical 
history for each child treated also noted the time line for their return to class. A single 
dose ACT preparation was used to ensure a full course of treatment was completed.

Results: In the pre-intervention (year 1) 953 of 1764 pupils were sent home due to 
presumed infectious illness. At home, parental management only approached WHO 
standards for accurate diagnosis and prompt treatment of malaria in 1:4 children, 
and the mean duration of absence from school was 6.5 school days (SD: 3.17). During 
school-based teacher-administered RDT/ACT (year 2) 1066 of 1774 pupils were identi-
fied as sick, 765 of these had a positive RDT and received ACT, and their duration of 
absence fell to 0.6 (SD: 0.64) days p < 0.001. Many of the children felt well enough to 
return to class within hours of being treated; this was presumed due their malaria being 
diagnosed early in its evolution, and the prompt treatment with ACT being effective.

Overall, absence from school was reduced by 60.8% during this intervention. 
If the same percentage of children sent home in year one had malaria as were diag-
nosed using RDTs in year two, this would equate to 1358 cases in 1775 children over 
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the 2 years - a malaria incidence rate of 79% across the 4 schools. The significant 
decrease in the duration of absence due to malaria from 6.5 school days to <1 day was 
maintained in the subsequent 3 years when the schools themselves sustained this 
teacher-driven program. Of interest, these outcome data are directly comparable to 
Colbourne’s initial estimate that 5–6 school days were saved per child with malaria 
suppression, in her landmark studies 60 years earlier [52]. Importantly, delivery of 
care using this model was readily implemented and sustained, teachers participated 
willingly, pupils reported health benefits, and their parents also saw the intervention 
as positive [7].

A similar approach was successfully trialed subsequently in primary schools in 
Malawi and was comparably effective. Absence from school was again decreased 
and the trained teachers were identified to be trusted providers of malaria care [37]. 
The authors of both studies concluded that training teachers to “test and treat” was 
well received, supported national health and education policies and was seen to be a 
worthwhile intervention by the community. Importantly, teachers were enthusiastic 
about taking part and sustainability was demonstrated by ongoing data from Uganda; 
the target schools independently continued RDT/ACT post intervention (until the 
school closures necessitated by the Covid-19 pandemic) and the significant reduction 
in malaria morbidity (reduction in absenteeism) was sustained; there is also robust 
evidence of greater knowledge about many aspects of malaria among the school-
children and in the broader community.

RDT and ACT are widely employed, but their use by trained teachers in a school-
based initiative to address the health related consequences of malaria on absenteeism 
had not previously been implemented. Training teachers is an approach that reflects 
government policy in many countries to promote RDT use by non-medical personnel 
[36, 49]. The intervention incorporates diagnostic and treatment entities advocated 
by WHO [16, 38, 42]. The model is now endorsed by the International Pediatric 
Association as a community-based approach applicable worldwide where morbidity 
from malaria is high. Integrating ‘test and treat’ strategies for malaria control into 
larger health, nutrition and education platforms that schools can offer, is a pathway 
that would also help in achieving the current health-related UN sustainable develop-
ment goals [54].

4. School-based approaches to reduce morbidity

There are a range of practical measures not directly related to formal additions to 
the curriculum or the introduction of school-based therapeutic options that can be 
put in place by school communities to reduce the burden of malaria on their school-
aged children. The most applicable ones are those that individual schools develop 
themselves in response to local needs that their community identifies, or which grow 
out of collaborative activities to achieve a defined public health or educational goal. 
In any given community local needs and resources will differ, so individual initiatives 
need to be tailored accordingly, and, for instance, accommodate differences between 
urban and rural settings. Ideally each initiative will be broad and multifaceted enough 
to leverage as many components of the malaria education/prevention/treatment 
equation as are required to comprehensively meet the needs of the target school 
community.

Centering malaria programs on children in schools is an example of the type of 
innovative, content specific intervention called for by the WHO Commission on 
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Social Determinants of Health to support health behaviors, and empower young 
people to take control of their lives [55]. Such ‘task shifting’ to school-based programs 
has already increased the delivery of other essential health services for children [23]. 
Hence, a particularly effective way to develop the measures an individual school or 
larger community requires, is to use the strategic approaches advocated by the WHO 
Commission and the Lancet Commission on the future of health in sub-Saharan 
Africa to improve health literacy and achieve health equity through action [55, 56].

Six of the WHO/Lancet Commission approaches relevant to enabling school com-
munities to reduce the burden of malaria on children are:

• Community empowerment

• People-centered strategies

• Innovative education

• Novel and improved tools

• Training to respond to local needs

• Use of non-traditional avenues and outlets

4.1 Community empowerment

There are multiple health benefits to be gained through community empower-
ment and this approach is needed to promote health in all sections of society [57, 58]. 
Campaigns that inform, consult, involve, collaborate and empower for example can 
be used to engage stakeholders in sub-populations at particular risk from malaria. 
Parents need to be engaged in particular, as care for sick children obviously generally 
devolves to them. The central problem parents need help with is that many lack the 
knowledge and/or resources necessary to provide what their child needs when she/
he becomes sick and may have malaria. There is evidence that the current lack of 
understanding about the approach required to diagnose and treat malaria means that 
only around 25% of children with early malarial infection receive accurate diagnosis 
and prompt, effective treatment within 24 hours of the onset of illness, as advocated 
by WHO [1, 7, 15].

The widespread practice of teachers generally sending home children found 
to be sick at school compounds this problem, as the end result is that appropriate 
diagnosis and treatment often do not occur, or at best, the required interventions are 
delayed [7, 59]. In many communities most febrile illnesses are treated empirically 
without any diagnostic procedure [44]. Also, dependence on care by traditional 
healers or trust in prayer often dictates the care a child receives, and there is strong 
reliance on non-specific medication for fever; preference for such entities contrib-
utes to morbidity [60].

Second-order ramifications of malaria morbidity are also compounded in this way. 
These include loss of schooling due to repeated or prolonged absence, malaise follow-
ing sub-optimal treatment that prevents full attention and participation in class, and 
loss of cognitive ability and fine motor skills where a child is left with neurological 
sequalae. These all negatively impact a child’s ability to learn and ultimately rob many 
of the ability to achieve their long term academic potential [28, 61, 62].
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School communities in endemic areas are generally aware of the immediate impact 
malaria takes on children of school age, but often do not equate infection with impair-
ment of academic performance over time. Parents can be empowered by learning 
about this association and, in turn, be guided to learn more about the many ways in 
which they can protect their children against malaria. For example, through the use of 
insecticide-treated bed nets, indoor spraying, reduction of breeding sites, and other 
methods for vector control [63, 64].

Communities should be encouraged to see their schools as platforms for the basic 
education required to inform children adequately about malaria in endemic areas, and 
be encouraged to lobby for ‘test and treat’ capacity in schools where the local mindset 
and/or infrastructure do not make WHO levels of diagnosis and treatment available 
for children.

4.2 People-centered strategies

Where low public confidence exists in health care services people-centered strate-
gies can improve low public confidence [56]. Constructive solutions are best arrived at 
through listening and respectful dialog. What needs to be identified is where the real 
issues lie, and where distrust is based on misconceptions or misinformation. Practical 
training in social listening and the use of role-play helps caregivers to respond in a 
non-judgmental manner.

Where there is a lack of knowledge or practical skills, the best people-centered 
programs are ones that are flexible, so as to allow the people they are for to get as 
much benefit from them as their abilities or circumstances allow. If misinformation 
is an issue, small group discussion will be preferable for many older parents, while 
internet and social media-generated dissemination of appropriate facts can be used to 
engage younger segments of the population.

Misinformation on malaria on the internet is not as prevalent as for other health 
issues such as vaccination or Covid-19 containment. But, it pays to identify and 
recommend sites with accurate facts and good resources. But, in parallel, reinforce the 
obvious, that not everything that people read online is true or reliable, and if there are 
important facts about malaria that anyone does not understand, someone that person 
trusts should be asked to explain what the key facts are.

Enabling people to understand the importance of controlling malaria and 
the need to protect children especially is not usually that difficult to achieve. 
However, strategic planning and dialog are particularly important to ensure 
understanding over issues that people will see as divisive. An example is the 
consideration being given to using gene drive approaches as part of future inte-
grated strategies to combat malaria. Gene drive is an advanced form of genetic 
modification where a lab-created gene is introduced into an organism that targets 
and removes a specific natural gene. But, importantly this new gene can also 
automatically replicate itself in a way that ensures virtually all resulting offspring 
have the lab-created gene. This is in contrast to conventional genetic engineer-
ing where only about 50% of offspring are altered. Radical steps of this type are 
being considered because both the malaria mosquito and the malaria parasite are 
becoming increasingly resistant to current control methods. Gene drive technol-
ogy is only authorized for laboratory research at present, but people are already 
concerned over its potential to impact species other than mosquitoes when it is 
used in the wild.
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4.3 Innovative education

School-based programs that educate children broadly on the causation and pre-
vention of malaria, and what care is required can reduce morbidity, and, in particular, 
increase access to timely diagnosis and treatment. The WHO health promoting school 
(HPS) model in particular lends itself to education on malaria, as a core concept is 
teaching children knowledge and practical skills through focused additions to the cur-
riculum [17, 18]. Elements of the HPS model can be applied in various ways to either 
generate an overarching health ethos in the school or focus on a locally relevant health 
issue like malaria [18].

Award schemes should be explored as a way to foster HPS activity; a variety of 
support and recognition strategies can be put in place that will encourage individual 
schools, and create a spirit of competition between schools that is synergistic [21]. 
Although not evaluated specifically in the context of malaria education, the experi-
ence in African schools following the WHO HPS model is that health promotion 
activities benefit from local recognition and spread from one school to another 
through healthy rivalry between neighboring schools [65].

Innovative education can be used to address inequitable distribution of knowl-
edge about malaria and promote understanding about the fundamentals of causa-
tion, preventive measures and timely diagnosis and treatment. Data on the use of 
insecticide-treated bed nets for instance suggest focused school-based education 
positively impacts their use; the need has also been identified for households to learn 
to make nets available for use by school-aged children [66]. Health promotion mes-
saging should be tailored to address specific need such as this, and framed so that 
the message resonates with the age group being targeted. Sometimes non-traditional 
messengers prove to be particularly effective as communicators, for example, young 
people are drawn to celebrities endorsing health promotion through music videos and 
social media are an example [67].

In 2020 the World Economic Forum, UNICEF and the World Food Program 
announced an innovative approach to helping children achieve their full potential. 
The aim is to improve their health throughout the first 8000 days of life, and thereby 
build on current investment focused on improving health during the first 1000 days 
based on developmental origins of health and disease (DOHaD) science [68]. The 
mechanism proposed will be the development of integrated school programs that 
combine strategies that improve the health of school-age children. And the goal, to 
thereby promote their academic potential, achieve better educational outcomes and 
build human capital [3].

Clearly the education and school-based management strategies required for 
malaria will be part of this model in future. Integrated school health packages will be 
based on experience gained from a variety of successful school-based health inter-
ventions, and the expectation is that such integration will lead to synergistic effects 
where combined aims are met through delivery in a single program. Evidence already 
available from trials of combined health approaches in schools indicates that benefit 
will also accrue from shared costs, and the stronger health returns anticipated over 
programs where individual interventions are delivered alone [8, 69, 70].

Schools should also encourage teachers to create and share innovative edu-
cational approaches that engage their pupils. For example, clean-up programs 
can be initiated where children collect discarded plastic bottles, bags and bottle 
caps on their way to and from school. This approach is innovative as it provides 
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evidence-based learning on how these items offer a breeding habitat for mosquito 
larvae, and an introduction to larval source management; a preventive approach 
with the dual benefit of reducing the numbers of house-entering mosquitoes and 
those that bite outdoors [64, 65]. Practical learning approaches like this can be 
complimented by in-class question and answer sessions, and the generation of 
visual aids for the classroom wall by the pupils that show other effective prevention 
practices and key facts about malaria.

4.4 Novel and improved tools

When the use of RDTs was introduced in community pharmacies this form of 
testing was not a new tool, but its application in this setting was novel, as was the 
later expansion of RDT kit use to include teachers in school-based programs [15, 48]. 
RDT use in both settings resulted in a significant improvement in the reach of this 
diagnostic tool, as it made testing more readily available and accessible to a larger 
proportion of the population. In school-based programs RDTs also provided a long 
called for way to improve care of the school-aged child, by providing an immediate 
and accurate diagnosis which then allows teachers to treat sick children promptly and 
with confidence [38].

ACTs continue to be the WHO endorsed first-line therapy in most parts of the 
world. However, the novel strategy of using multiple first-line therapies rather than 
a single ACT is a treatment innovation that will help counter emerging resistance to 
ACTs, and thereby allow this class of drug to remain therapeutically useful as antima-
larial drugs for longer [50, 51].

While it is well recognized that the malaria targets for the Millennium 
Development Goals for 2015 were achieved even though the tools used and the ways 
in which they were applied were often imperfect [71], it is important that the search 
continues for better tools for all aspects of malaria control. But in parallel, ways 
should be explored to expand access to the tools we have that work well, ensure that 
they are used optimally, and find innovative ways in which they can be modified to 
meet a new need or counter the very real risk of emergence of drug resistance.

In 2021, the WHO made the historic announcement that a long awaited vaccine 
for malaria was now recommended for the prevention of P. falciparum malaria in 
children living in regions with moderate to high transmission [22]. A vaccine against 
malaria has long been sought, but has proved elusive, in part due to the complexity 
of the parasite and its numerous immune evasion mechanisms [72]. The RTS,S/AS01 
vaccine (RTS,S) is designed to induce antibodies against the sporozoite phase of the 
lifecycle; this blocks infection of the liver, where the parasite would normally mature 
and multiply before re-entering the bloodstream to further infect erythrocytes.

RTS,S is the first parasite vaccine to obtain regulatory approval, and there are 
caveats regarding its current place in malaria control, particularly related to the 
dosing strategy required, the period of protection provided and partial efficacy, all of 
which leave room for improvement [73]. Currently the vaccine requires 4 doses from 
5 months of age, and for the foreseeable future, vaccinated children will also require 
some form of chemoprophylaxis in addition, in order to achieve optimum vaccine 
efficacy. Because of the target age group, programs to immunize will obviously not be 
school-based [74], but awareness that child vaccination is now an option should be 
incorporated into school-based health education. This investment will mean that the 
next generation of young parents will know that this form of prevention is available 
for their children.
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Modifications in dose and schedule have contributed to improved vaccine per-
formance, and further variations may follow [75]. But, as important and historic as 
vaccine use will be, WHO is calling for the introduction of this novel tool to be used 
to reinvigorate the fight against malaria in parallel with vaccine rollout programs [22]. 
This is an important opportunity to respond more effectively than in the past to the 
repeated calls to scale up and improve malaria control in school-age children [23].

National policies will need to be established and strategies developed to promote 
local programs that incorporate child vaccination. Creating and implementing the 
programs required will require both inspired leadership and inter-sectorial collabora-
tion, funding, and support in order for communities to ‘buy into’ the concept and 
participate successfully. In addition to the public education and engagement needed 
regarding the vaccine, clear direction and recommendations are also necessary at 
the same time on how to deliver and sustain the components of the scaled up malaria 
control programs for children called for by the WHO to accompany introduction of 
the vaccine [23].

Meanwhile, several other malaria vaccines with different modes of action are 
under development. Pre-erythrocytic forms continue to be some of the most promis-
ing; pre-erythrocytic agents target antigens from the Plasmodium sporozoite and 
liver stages when infection is in its earliest stages following inoculation and clinically 
silent. Induction of antibodies and T cell responses clear sporozoites or block their 
invasion of hepatocytes [73]. Circumsporozoite protein is a specific target in ongoing 
research; this is the major antigen on the surface of sporozoites. Various approaches 
are being applied to develop RTS,S derivatives that improve immunogenicity; recent 
trials indicate that the R21/MM vaccine appears safe and very immunogenic in 
African children, and promises high-level efficacy [72].

Novel use of technology can also impact vector control and improve the logistics of 
delivering supplies needed to test and treat malaria in rural areas. The deployment of 
drones is an example. Use of this technology in Zanzibar has made it possible to map 
difficult to find water pools which enables breeding sites to be targeted before larvae 
turn into adult mosquitoes, and it was learned during the Covid-19 pandemic that 
drones can be employed effectively to deliver urgently needed supplies when vaccines 
required in remote areas were provided in this way.

4.5 Training personnel to respond to local needs

The majority of teachers understand the toll malaria takes on their pupil’s health, 
but many need training to fully understand how they and their school can contribute 
to strategies to reduce the impact the disease can have on their pupils. For instance, 
not all recognize that repeated absence from class or a pupil dropping out of school 
altogether can be due to the cumulative effects of malaria. Also, full realization of 
the negative impact that severe or repeated infection can have often only comes when 
the beneficial effects of a school-based diagnostic and treatment program become 
evident through the school’s improved performance in national exams.

It is well documented in the literature that the duration of malaria-related 
absence, frequency of absence due to repeated infection, residual malaise from 
sub-optimal treatment and transient neurological complications due to malaria 
can all compromise a child’s potential to learn. In this context, it is important that 
teachers and parents learn about the negative neurologic effects malaria can cause, 
and that repeated infection can have detrimental effects that are cumulative, and 
lead to permanent loss of cognition and learning ability [28, 30, 62]. While the exact 
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mechanisms underlying long-term detriment are debated, a clear relationship exists 
between the severity of infection and the magnitude of the adverse cognitive effect. 
An excellent schematic that helps in teaching how adverse effects probably come 
about and their importance was published in 2010 based on a series of studies exam-
ining cognitive function and school performance in children after infection with P. 
falciparum and P. vivax malaria [62].

Nutrition programs are the most widespread school-based initiatives to promote 
child health. When personnel are trained to implement them well, such programs can 
improve children’s learning ability and academic potential as well as their physical and 
mental well-being. Children who are well nourished are better positioned to recover 
from infectious illnesses, including malaria; significantly it is the most disadvantaged 
children who often benefit the most from school-based nutrition programs [76]. 
School garden projects can provide produce for lunch programs to feed children in 
need. Parents can be trained to collaborate and help run school gardens. A systematic 
review indicates that multiple life skills are learned and educational benefits accrued 
by pupils who are actively involved in tending gardens and the growing, harvesting 
and sale of produce [77].

Teachers in many low and middle income countries have been trained success-
fully to administer specific health programs in schools in response to identified local 
needs; examples include: the provision of intermittent anti-malarial therapy in Kenya 
[25, 78], prophylactic chloroquine in Sri Lanka [26], and nationwide anti-helminth 
treatment in India, Ghana and Uganda [34, 79]. Tetanus prophylaxis and now vac-
cination against human papilloma virus are also widely administered by individuals 
trained to deliver them through schools.

Training of staff in pharmacies to use RDT kits could provide sufficient additional 
capacity in some communities for this to be an alternative to setting up school-based 
testing and treatment. Programs developed to train non-medical personnel, including 
teachers, have been evaluated, and the knowledge and skills such training provides 
enables practitioners to be both safe and effective [53]. Integrating teachers trained 
to test and treat for malaria into larger health, nutrition and education platforms 
offered through schools would likely result in cost-benefit over providing individual 
health interventions singly, and also deliver combined benefits that would contribute 
towards achieving the sustainable development goals for health [54].

4.6 Non-traditional avenues and outlets

To be effective, any intervention that employs a non-traditional outlet or approach 
must be context-specific and tailored to meet the needs and available resources of the 
community that will implement and sustain it [3, 23]. The number, variety and scale 
of the problems communities in low-and-middle-income countries face regarding 
malaria requires ingenuity and creativity across society to seek out and trial non-
traditional solutions that offer potential benefit. School-based health promotion is an 
example, and interventions with the potential to reduce malaria morbidity in children 
range from the provision of basic education about malaria through to ‘test and treat’ 
programs that implement WHO malaria management criteria.

Schools are still viewed as non-traditional outlets for health delivery, in spite of the 
many school-based programs that have been shown to provide benefits for the com-
munities they serve. Importantly, evidence of program efficacy includes interventions 
to reduce the burden of malaria on school-aged children, including ones developed 
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as a practical response to calls from teachers and community leaders. Unfortunately, 
not every country has a school system where teachers’ morale and motivation make 
teacher-driven health initiatives feasible [24, 65]. But in the majority, the small num-
ber of teachers in each school required to run a ‘test and treat’ program for malaria are 
likely to be forthcoming. Certainly, where teachers are aware of the impact malaria 
has and the improvements intervention can achieve, enough are likely to be willing 
and able to be taught how to screen children found to be sick at school, treat those 
testing positive promptly, and refer those children with severe or atypical disease to a 
conventional health outlet like a clinic or hospital.

From a practical standpoint, community participatory intervention models based 
in schools are also broadly applicable, and a low cost and flexible approach with 
considerable potential to meet the longstanding calls for interventions to reduce 
the burden of disease on school-age children [3, 4, 8]. In addition these models can 
comply fully with WHO-endorsed diagnostic and treatment principles, follow local 
government guidelines, and help achieve national goals for malaria control.

Importantly, integration of any avenues that can improve the delivery of health 
services in a community, or increase access by those needing care will impact the chal-
lenge of delay in the treatment of fever [44]. Waiting too long before seeking care for 
a child likely to have malaria, and failure to obtain an accurate diagnosis and prompt 
treatment are both major obstacles to achieving the goal of reducing malaria morbid-
ity. Studies indicate that in sub-Saharan Africa <50% of sick, febrile children receive 
artemisinin combination therapy (ACT) within 24 hours [15, 45, 59, 80]. Approaches 
that remedy this situation would in themselves go a long way towards reducing the 
current burden of malaria on children.

5. Conclusion

Bold decisions are needed to control of malaria and particularly to improve the 
situation in school-aged children. The longstanding recognition that they are a large 
and especially vulnerable population has not been matched by clear strategies that 
can be broadly applied to reduce their burden of disease. School-based interventions 
to control malaria have obvious logic, as schools allow access to the relevant target 
population. Suitable initiatives exist that are applicable worldwide and have the 
potential to benefit millions of children. Education to provide a basic level of health 
literacy about malaria causation, prevention and management should be a universal 
component of the school curriculum where the disease is endemic. There is also 
evidence that school-based health care delivery, such as teacher-driven test and treat 
programs for malaria, offer a cost effective option alone, and especially if combined 
with other health interventions.
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Abstract

Malaria is one of the diseases with the highest morbi-mortality rate worldwide, 
including Colombia, where it is endemic in several regions of the country. Although 
the incidence of this disease in the Department of Meta and the Atlantic Coast is 
not as high as in Nariño, the number of reported cases has held steady over time. It 
is still an event of great interest in public health. The struggle against malaria is part 
of one of the Millennium Development Goals and has generated global and national 
programs that have been implemented at a national and global level, whose main goal 
is to control and eradicate malaria. These programs have stood out for their verti-
cal nature and for the low level of community participation. Health sector needs to 
include, at a micro-level, the voices of the community represented in their discourses 
and actions in the face of the disease, its prevention, and treatment. Therefore, a 
community and institutional look at these elements, in relation to the disease and the 
vector, should be provided, which will allow the vector and disease control programs 
to be improved, designing strategies to bring community and government agencies 
together to propose public health policies and programs.

Keywords: Colombia, community, government agencies, malaria, control programs

1. Introduction

Malaria remains a global public health problem, with nearly 3.2 billion people in 
97 countries at risk of being infected and developing the disease, leading to a high 
social and economic burden. According to the World Health Organization, malaria 
cases have increased since 2015, showing a significant increase not only in morbidity 
but also in mortality in 2020, due in part to the COVID-19 pandemic [1]. Significant 
progress has been made in malaria control over the past two decades in America, 
but in recent years, there has been stagnation and an increase in the number of cases 
in countries such as Venezuela (811.5% between 2010 and 2017) and Nicaragua 
(1482.2% between 2010 and 2017) [2]. During 2021, 72,022 cases of malaria occurred 
in Colombia; 70,838 of them were non-complicated malaria, and 1184 were compli-
cated malaria (1.64%). The annual parasite index was 8.93 cases per 1000 inhabitants, 
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with a predominance of Plasmodium falciparum (49.6%) and P. vivax (49.4%). Mixed 
infections accounted for only 0.9%. During that year, major outbreaks occurred in 
13 municipalities of the country, and the most affected departments where Choco, 
Nariño, Cordoba, Amazonas, Antioquia, Meta, and Caqueta. 57.8% of the cases 
occurred in men, and 738 cases were reported in pregnant women [3].

Malaria is a multicausal disease, and therefore, new approaches to control it are 
comprehensive and include individual, community, and institutional participation 
to strengthen the capacity of local response to achieve a sustainability of actions with 
an emphasis on promoting good health and preventing malaria [4]. However, despite 
existing policies, plans, and programs, malaria remains a serious public health prob-
lem in the country. Since the dawn of the twentieth century and during the time of 
public hygiene, malaria and anemia produced by uncinaria have been considered one 
of the priorities for control [5]. Between 1956 and 1993, a vertical control program 
was carried out in Colombia headed by the Ministry of Health’s Direct Campaigns 
Directorate and the Malaria Eradication Service (SEM by its Spanish acronym), a 
program that ran parallel to the National Health System [6]. During the nineties, 
profound reforms to the health system were carried out through Law 100 of 1993, 
which led to the dismantling of the programs headed by the state, transforming the 
fight against malaria into a control program with several actors involved [7].

Nevertheless, malaria is a disease that is closely related to the level of poverty in a 
community. It slows economic growth and perpetuates the vicious cycle of poverty. 
Rural areas are the most vulnerable since buildings and living facilities are deficient 
and generally have little or no protection against mosquitoes [8].

In Colombia, rural areas reveal concerning levels of health indicators; high levels of 
malnutrition; low levels of schooling of the population; higher illiteracy rates; and low 
coverage of basic public utilities, including potable water, sewerage, and electricity. This 
problem is largely due to the geography, the great distances and topographic difficulties 
of the terrain that make it difficult to enter certain areas, and also public order issues due 
to the presence of armed conflict participants and very low or lack of presence of health 
service providers [9]. These socio-economic factors play an important role in malaria 
transmission and in other human activities that foster movement of populations, such as 
migration and wars, leading to the spread of both the parasite and the vector [10].

According to the programs derived from the health system reform, malaria control 
activities are divided into collective actions (headed by the state) and individual actions 
(headed by health insurers and health services providers). The following activities are 
carried out as part of the collective activities included in Collective Interventions Plan 
(PIC by its Spanish acronym) headed by local authorities, vector control, intra- and 
peri-domiciliary fumigation, handing out bed nets (mosquito nets), and the supervi-
sion of the event by the municipality [11] (National Health Institute, 2014). However, 
programs are designed without the participation of the communities involved, ignoring 
local knowledge and socio-political and cultural dynamics surrounding their main 
health problems, in this case malaria. This leads to imposing out-of-context control 
measures that reduce the coverage and impact of interventions [12].

Communities forge discourses and knowledge about health and illness that are 
reflected in attitudes and individual actions that can contribute to the success or fail-
ure of the program. Community participation in health programs requires measurable 
changes in behaviors that allow for active personal involvement in decision-making 
regarding the health of their own families. Health personnel also have their own views 
of community affairs from their knowledge, hierarchies, and practices. These dis-
course and activities draw paths of malaria prevention, treatment, and control, often 
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parallel to and with no contact between them. This is the reason why the community 
perspective needs to be incorporated into institutional programs.

In light of the aforementioned, the health sector needs to include, at a micro-level, 
the voices of the community represented in their discourses and actions in the face 
of the disease, its prevention, and treatment. It is important to note that the stud-
ies carried out so far in Colombia have focused on areas with high endemic rates. 
Nonetheless, it is important to keep an eye on community and governmental dynam-
ics in areas where the number of cases is not high but has remained constant through-
out the years and where outbreaks eventually occur.

2. Epidemiological depiction of malaria in the world and in Colombia

Malaria, a disease transmitted by mosquitoes of the genus Anopheles and produced 
by parasites of the genus Plasmodium, remains a global public health problem, with 
nearly 3.2 billion people in 97 countries at risk of being infected and developing the 
disease, leading to a high social and economic burden [13]. Between 2000 and 2020, 
an estimated 1.7 billion cases and 10.6 million deaths worldwide were estimated, 
falling from 896,000 in 2000 to 558,000 in 2015. However, there was an increase 
(627,000) partly due to the COVID-19 pandemic [1].

By 2020, there were 18 endemic countries in the Americas, accounting for 0.3% of 
the total malaria cases in the world. Brazil, Colombia, and Venezuela accounted for 
77% of the cases in the region. In the past 20 years, significant advances have been 
made in decreasing the incidence in endemic countries, from 14.1 to 4.6 cases per 
1000 inhabitants at risk and a 58% reduction in overall cases. Mortality also decreased 
from 0.8 to 0.3 deaths per 100,000 inhabitants at risk. Despite this, countries such as 
Venezuela have significantly increased the number of infections, from 35,500 in the 
year 2000 to more than 467,000 in 2019, affecting the statistics in the region. Other 
countries such as Bolivia, Haiti, Honduras, Nicaragua, and Panama showed substan-
tial increases in 2020 in comparison to 2019 [1].

In Colombia, malaria is present in more than 80% of the national territory, with 
five macro-foci of variable and active transmission: the Pacific Region (departments 
of Choco, Nariño, and Cauca and the district of Buenaventura in Valle del Cauca), 
the Amazone-Orinoquia Region (departments of Amazonas, Vichada, Guainia, and 
Guaviare), Magdalena Medio (Antioquia, Bolivar, and Cordoba), and a recent focus 
on the border with Venezuela (department of Norte de Santander) [14]. Thanks to its 
extensive and diverse social and environmental conditions that have led to the trans-
mission and endemicity of this disease in the country [15], malaria still represents a 
serious public health issue.

During the year 2015, 56,705 malaria cases were reported in the system in Colombia. 
55,866 were cases of non-complicated malaria, and 839 were cases of complicated 
malaria. 18 deaths from this disease were reported. Choco, Nariño, and Antioquia 
headed the list of reports, accumulating more than 75% of total cases in the country 
[16]. By 2016, the increase in cases was evident, with 84,742 reports, of which 83,227 
were non-complicated malaria and 1515 were complicated malaria. Additionally, 26 
confirmed deaths and 10 deaths classified as compatible cases were reported [17]. 
During 2017, the decline in cases was evident, with a total of 55,117 reports across the 
country. The departments of Choco, Nariño, Antioquia, Cordoba, Guainia, Amazonas, 
Cauca, and Vichada registered 90.7% of cases of non-complicated malaria [18]. For 
the year 2018, there was a 14.6% increase compared to the previous year, with a total of 
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63,143 reported cases of malaria in the country. 54% of the cases came from the Pacific 
region, with the department of Choco (27.7%) being the largest reporter of cases, 
followed by the department of Nariño, with 21.8% [19]. For the year 2019, there was a 
situation of sustained malaria outbreak throughout the year, with a total of 80,415 cases 
reported in the system, of which 79,120 (98.3%) were classified as non-complicated 
malaria and 1295 (1.6%) were classified as complicated malaria [20]. Similar numbers 
were observed during 2020, with a total of 80,236 malaria reports in the public health 
monitoring system. Despite the health emergency caused by COVID-19 and the 
mandatory preventive isolation that occurred in the country from epidemiological week 
12 to week 32, the country was hit by a malaria outbreak situation from epidemiological 
week 18 to week 23 and then from week 30 to week 53. Historically, Choco, Nariño, and 
Antioquia remain the departments with the highest incidence of the disease [14]. The 
year 2021 showed a decrease of 11.4% with respect to the previous year, with a total of 
70,838 cases reported. 14 municipalities reported outbreak situations. During this year, 
1291 cases of coinfection between malaria and COVID-19 were reported [14].

3. Community-based knowledge and actions regarding malaria

From a cultural perspective, the health system is made up of hierarchies or levels: 
the popular, the folkloric, and the professional level. An approximation among the 
three represents pluralism in the healthcare of a particular social group [21].

The so-called third sector, or professionals, has a technical language that separates 
it from their patients—their own body of knowledge. It emphasizes on the disease 
and is often based on technology. This perspective applies both to health care and 
to the generation of policies, plans, and programs that are vertically established, 
ignoring the conception of local medicine, which is part of a larger system of beliefs, 
behaviors, and attitudes.

It is important to emphasize that part of the verticality with which most health 
programs are established originates from this hierarchical sectoring specific to the 
area’s staff. Knowledge and training, different from those of the community, create a 
gap that separates them. The community that “does not know” can be diagnosed and 
treated because its cultural baggage is not recognized as it is another type. In addi-
tion, this alleged “superiority” leads to a paternalistic treatment, a position generally 
adopted in relation to vulnerable communities.

These views of what the community is, from a professional perspective, draw 
disease prevention, treatment, and control paths, which are often parallel and have no 
contact between them. Thus, the community perspective needs to be incorporated into 
institutional programs. Programs are designed with no participation from the commu-
nities involved, ignoring local knowledge and the socio-political and cultural dynamics 
around their main health problems, in this case malaria. This leads to imposing out-of-
context control measures that reduce the coverage and impact of interventions [12].

4. Malaria control programs in America

Because malaria transmission is highly heterogeneous, control programs in the 
Americas have to adapt to these different environments [22]. Reactive strategies are the 
most feasible ones and are endorsed by the World Health Organization [23]. Reactive 
case detection (RACD) tests and treats all household members related with a positive 
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malaria case detected in a health facility; sometimes the neighbors are also treated [24]. 
Other strategies try to test the whole community that has at least one diagnosed case; 
this strategy is called mass screen and treat (MSAT). Or they test the whole population 
even if there is not a confirmed case of malaria, called mass test and treat (MTAT) [25]. 
The best strategy depends on the resources and their objectives, and these activities have 
to be attached to an effective vector control program and a strong health system [26].

5. Malaria control programs in Colombia

Since the dawn of the twentieth century and during the time of public hygiene, 
malaria as well as anemia produced by uncinaria have been considered disease control 
priorities, because they affected those areas where the production of coffee and oil 
began to be fundamental to the economy of the country [4].

The public health programs that marked the beginning of the twentieth century 
were designed from the perspective of the control and power that dominated the 
context of the new century. Europe was uniting at the expense of great wars, and the 
eyes of the great powers turned to Latin America’s resources for the reconstruction of 
their economies. International health agencies were born in response to the need to 
control the prevailing tropical diseases in which North American companies began to 
reap benefits from the newly discovered products, channeling the expansion of the 
exchange in the Americas under civilizing, modernizing, and hygenizing slogans [27].

Between 1956 and 1983, a vertical control program was carried out in the country 
headed by the Ministry of Health’s Direct Campaigns Directorate and the Malaria 
Eradication Service (SEM by its Spanish acronym), a program that ran parallel to the 
National Health System [5], and it stood out for its warmongering conception of the 
disease with a marked use of military terminology [28].

This period was marked by the implementation of the strategy of the Pan-
American Health Organization (now known as PAHO), which in the face of commu-
nicable diseases such as yellow fever and malaria focused its activities on eradicating 
the vector and, consequently, the disease, introducing the use of residual-acting 
insecticides (DDT: dichloro-diphenyl-trichloroethane), which were initially used as 
pediculicide against a typhus epidemic in Naples between 1943 and 1944. The objec-
tive of the campaign was to achieve the eradication of malaria throughout the national 
territory, and it was carried out in four phases: preparatory, attack, consolidation, and 
maintenance phases [27].

During the 1980s and 1990s, there were profound reforms to the health system. 
Between 1983 and 1990 and in line with the State decentralization reforms, the 
program went from being run by the nation to the being run by the departments [29]. 
Between 1991 and 1994 and specifically after Law 100 of 1993, the programs run by 
the State ended, transforming the fight against malaria into a control program with 
several stakeholders dividing malaria control activities into collective actions (headed 
by the State) and individual actions (headed by health insurers) [7].

From the market perspective of the health system in force since 1993 and with the 
corresponding loss of control on the part of the state, malaria management programs 
have deteriorated due to the fragmentation of actions, leading to the loss of informa-
tion due to the lack of robust data-gathering and analysis systems, the dismantling of 
the diagnostic capability installed, and the deterioration of the indicators of disease 
control [6]. During 2010–2015, the “Malaria Project” was carried out, with the gen-
eral purpose of reducing malaria morbidity and mortality in the departments, with 
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the highest concentration of cases in Colombia. The objectives were aimed at design-
ing and implementing communication and social mobilization plans to increase 
protective factors [30]. However, none of the departments involved in our study were 
within the Malaria Project action plans.

6.  Malaria control, prevention, treatment, and access issues in rural 
communities

Diseases such as malaria mainly affect populations under poor socio-economic 
conditions, living in precarious housing, with limited access to basic public utili-
ties such as potable water and basic sanitation; under deteriorated environmental 
conditions; and with barriers to access health services. Other human activities that 
foster population movements, such as migration and wars, lead to the spread of both 
the parasite and the vector. Generally, these vulnerable populations live in rural or 
peri-urban areas [16]. High prevalence of this disease diminishes economic growth 
and perpetuates the vicious cycle of poverty. Rural areas are the most vulnerable since 
buildings and poor housing facilities have very little or no protection against mosqui-
toes [8, 10]. In Panamá, malaria cases have progressively increased in prevalence in 
the past 20 years. Factors such as a weak control program have affected the indigenous 
settlements in a major proportion [31].

In Colombia, housing conditions and basic needs are very variable; in the Olaya 
Herrera municipality (Pacific region), only 33.6% of the population has aqueduct, 
8.2% has sewerage, and 65% has garbage collection [32]. In Vista Hermosa (a hilly 
landscape and alluvial plains area of the eastern plains), electrical services coverage 
is only 89%, and the garbage collection service reaches 85%. A similar percentage of 
coverage is found in the aqueduct and sewerage services, reported only by 78% of the 
inhabitants. Similar conditions are evident in San Jose del Guaviare (transition area 
between the Orinoquia and Amazon regions), where the water supply service reaches 
only 60% of these communities and the sewerage service reaches 53.4%. Likewise, 
garbage collection reaches 87.4%. Overall, these conditions have led to a significant 
deterioration of environmental conditions, and the population’s low awareness of 
these issues adds to these issues. In many areas of the municipalities, garbage can be 
seen on the streets and water source contamination is very evident.

Child mortality from malaria could be reduced by up to 20% if people were to sleep 
under insecticide-treated (mosquito) bed nets. Fast access to effective treatment can 
further reduce deaths. Intermittent preventive malaria treatment during pregnancy can 
significantly reduce the proportion of low-birth-weight babies and maternal anemia [8].

In Colombia, the provision of health services in dispersed rural areas is hampered 
due to the geographical isolation of many communities; distances and topographic 
difficulties of the terrain make entering these areas difficult. Public order issues due 
to the presence of participants of the armed conflict do not allow the approach and 
adequate provision of health services. In remote rural areas of the country, quality of 
life indicators lag behind. There are reports of high fertility; high infant and mater-
nal mortality rates; low life expectancy; high levels of malnutrition; low levels of 
schooling; high illiteracy rates; and low levels of basic sanitation services coverage for 
potable water, sewerage, and electricity in the population. On the other hand, ethnic 
groups with different cultures, knowledge, and activities related to health issues, with 
a greater emphasis on the ancestral medicine of their communities, predominate in 
these areas, which poses a challenge to their healthcare [9].



133

Prevention, Treatment and Malaria Control: A Southern America Perspective
DOI: http://dx.doi.org/10.5772/intechopen.108921

7.  Knowledge, attitudes, practices, and intervention related to malaria in 
Colombia

Since it is one of the most malaria endemic areas, several studies have been carried 
out in the Pacific to implement and evaluate strategies to improve the quality of 
life there, starting with the reduction of malaria cases in communities. Educational 
strategies can improve prevention practices in communities, and this is reflected in 
the decrease in the incidence of malaria cases in the areas under intervention [33]. In 
addition, the inclusion of educational strategies integrated in national control pro-
gram activities leads to a decrease in institutional costs and a reduction in cases [34].

In the municipality of Bahia Solano, it was discovered that more than 70% of the 
people surveyed know that malaria is transmitted by a mosquito bite. However, about 
55% do not go to a health center for treatment but take herbal infusions or baths 
prepared with plants [35]. In the municipality of Olaya Herrera, 61% of the people 
surveyed claimed to have contracted malaria, and 75.37% considered the disease a 
problem for them and their families [32].

In the eastern plains, in the municipality of Vista Hermosa, 43% of respondents 
reported having had malaria at some point in their lives, and 90% still consider this 
disease a problem for themselves and their families. In terms of knowledge about 
the disease, 63% recognized that a mosquito is the vector of malaria, although they 
did not specifically identify which mosquito it is. In the municipality of San Jose de 
Guaviare, 59% of respondents said that they had malaria at some point in their lives, 
and 16.5% do not consider malaria a health problem for themselves and their families. 
76% knew that the disease is transmitted by any mosquito bite, and only 6% knew 
that the Anopheles mosquito was specifically the vector of this pathology.

Despite growing community awareness of the way in which the disease is trans-
mitted, they have no confidence in care centers. 38.7% of respondents said that 
they did not receive good care from health officials when they were suffering from 
malaria, while 90.98% of those who had malaria went to health centers and followed 
the treatments prescribed by doctors. 43% claimed that the office of the secretary of 
health makes no effort to reduce malaria in the municipality, and 51% said that there 
is no malaria awareness education [32]. In Vista Hermosa, most of the disease control 
actions are individual, among which are the drainage of lagoons and ponds at 32% 
and the use of bed nets (mosquito nets) at 74%. None of the respondents reported 
using household awnings to prevent mosquito entry, only 9% said they sprayed their 
homes with insecticides, and 10% used repellents.

It is possible that disconnection between communities and government agencies 
may be influencing malaria control programs so that they are not very ineffective.
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Chapter 9

Current Antimalarial Treatments:
Focus on Artemisia annua Dry Leaf
Richa Goel

Abstract

Since a lot of drugs that were used for the treatment of malaria has shown
resistance to the Plasmodium species. Even the ACT (Artemisia combination therapy)
is not effective in certain cases. There is a need to look for some alternatives, which are
effective in the clinical treatment of malaria and affordable for the general population.
A therapy called Artemisia annua dry leaf antimalarial therapy (ALT) has been shown
to be effective against artemisinin-resistant malarial infections and its treatment is
resilient to resistance development in animal model systems. This proves to be an
effective alternative to presently available antimalarials. This review defines the
characteristics of different species of malaria-causing parasites, their vectors,
endemicity, and features of the disease development, followed by properties of
currently used (approved) antimalarials. The choices and methodologies of adminis-
tration of antimalarials to adult, child, pregnant, and lactating women patients with
acute and complicated malaria are described, followed by strategies to combat drug-
resistant malaria, especially artemisinin resistance. A special emphasis on the origin,
empirical basis, evidence on clinical efficacy, and cost aspects of ALT is given, along
with the focus on the possibilities of repurposing ALT as a treatment for a variety of
autoimmune, metabolic, and cancerous diseases.

Keywords: malaria, Artemisia annua dry leaf antimalarial therapy, currently used
antimalarial drugs, drug-resistant malaria, Artemisia, artemisinin

1. Introduction

Malaria, which results from the transmission of the malarial parasite infection to
humans by the bites of infected mosquitoes, is the deadliest infectious disease in
tropical and subtropical climates. In recent years (such as 2015 and 2016), 3.5 billion
people in 97 countries were at risk of getting infected with the malarial parasite(s).
Actually, each of these years, several hundred million humans got malaria-infected
and about half a million patients, preponderantly young children, elderly, and preg-
nant women, succumbed to the disease. In 2016, about 90% of malaria in southeast-
cum-south Asia region was contributed by India [1].

In the last about ten years, since the introduction of artemisinin combination
therapy (ACT) as the treatment of malaria and regulation of parasite transmission, at
least ten countries have become largely malaria-free. During this period, due to
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success in the control of the disease-causing parasite by chemotherapeutic treatments,
such as ACT, prophylaxis, and control of mosquito attacks by use of pyrethroid
insecticide impregnated bednets and indoor insect repellents [2], the loss of life from
malaria has been halved. For the last 72 years, from the time chloroquine was intro-
duced as a substitute/alternative to quinine in malaria treatment, the disease has been
contained by the use of five classes of individual pharmaceuticals (aminoquinolines,
aryl-alcohols, including quinolines alcohols, antifolates, hydronaphthoquinone, and
endoperoxides) and their combinations. However, malarial parasites have developed
genetic resistance against most (perhaps all) of the effective antimalarials and their
combinations. Besides, resistant parasites have become geographically widespread.
The vector mosquitoes have also developed resistance to insecticides used to impreg-
nate bed nets. The new affordable antimalarial chemical compounds and vaccines
undergoing tests and trials are thought to be at least a decade away [3]. All these
factors have posed a grave challenge for the control of malarial disease worldwide in
the coming years. Discussion is in progress on ways to increase the life span of
currently available pharmaceuticals by employing them in alternate combinations, to
resist resistance in parasites and to combat parasite transmission. At this time when
new effective and affordable malarial treatments are being eagerly awaited, a botani-
cal treatment that appears to clear (artemisinin) resistant malaria has been recently
described. Daddy et al., (2017) have reported success in curing 18 cases of severe
malaria by administering to the patient tablets made of dry leaves of Artemisia annua
(the natural rich source of the pharmaceutical artemisinin) plants. This treatment
called Artemisia annua dry leaf therapy (ALT) was found to have cured malaria caused
by parasites resistant to currently used antimalarials, including artemisinin deriva-
tives. ALT has been proven to be a safe, efficacious, and affordable antimalarial
treatment, with multi-repurposing possibilities [4].

2. Kinds of malaria and symptoms

There are about 200 different unicellular eukaryotic apicomplexans obligate
narrow host-range parasite species of the genus Plasmodium, transmitted by dipteran
insect species, whose infection can cause various kinds of malarial diseases in a wide
range of vertebrates. The five major species of Plasmodium that cause malaria in
humans are falciparum (Pf), knowlesi (Pk),malariae (Pm), ovale (Po), and vivax (Pv).
The important properties of these human malarial parasites are comparatively sum-
marized (and the references concerned with this section are also given) in Table 1.
Among the human malarial parasites, Pk is known to be a zoonotic species whose
infection in several species of macaque monkeys produce malaria-like symptoms.
Recently another zoonotic species—Plasmodium simium (Ps)—has been found to
cause malaria in humans in the Atlantic forest area of Brazil. The natural hosts for Ps
are monkeys of the genera Aloulta, Brachyteles, Cebus, and Sapajus [14].

The insect hosts of Plasmodium species are anopheline mosquitoes. Out of about
515 known species of Anopheles, about 70 are vectors of human malaria [15]. Each of
Pf, Pk, Pm, Po, Pv, and Ps are transmitted to humans by several to many Anopheles
species, in geographical areas of their occurrence. The genomes of the human malarial
Plasmodium species and of the major Anopheles vector species have been sequenced.
The vector for Ps has been identified as Anopheles kertezsia cruzii. Phylogenetic
distance-wise the parasite species are related to each other as follows: Pf ! Po ! Pm
! Pk, Pv, and Ps [14]. In terms of the frequencies of malaria infections caused by
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them in humans, the parasites fall in the following order: Pf > Pv > Po, Pm > Pk > Ps.
The malaria caused by Pf, Pv, and Pk can be fatal if not treated. The Po and Pm-caused
malaria are less severe and generally not lethal. Pv, Ps, and Po-caused infections can
remain dormant in the liver for up to many months. Pm infection can remain latent
for years. The Duffy blood group deficient (ackr1 = atypical chemokine receptor 1)
humans (who are largely the inhabitants of west Africa) are resistant to infection by
Pv and Pk because the parasites are unable to invade their Fy a�b� erythrocytes [16].

The Pf, Pv, Po, Pm, Pk, and Ps malaria have differential distribution. Pv is the most
widespread malaria; it is the major malaria causal parasite in subtropical areas of Asia,
America, and Africa. Nearly half of the malaria cases that occur outside of Africa are
related to Pv infection. More dangerous than Pv malaria, Pf malaria is predominant in
Africa, but also occurs in tropical regions of Asia and in the middle east. Pf malaria is
responsible for 90% of the malarial deaths in Africa. The distribution of Pm malaria is
similar to that of Pf malaria except that it is much less frequent. Both Po and Pm are
the cause of malaria in Pacific islands. There are two subspecies of Po called P. curtisi
and P. wallekeri, both are cause of malaria in Africa and Asia, sympatrically.
Together, Po and Pm account for about 10 million cases of new malaria each year.
Malaria caused by Pk occurs largely in southeast- and south Asia. The Ps malaria is
limited to Brazil. In areas where the frequency of occurrence of malaria infections is
high, mixed infections of more than one Plasmodium species have been observed [17].
Recently, a rare case of malaria caused by infection of Pf, Pv, Po, and Pm has been
reported from a forest area in central India, which has a high incidence of mixed
infection [18].

Initial symptoms of malaria are often as nonspecific as one or more of the follow-
ing types of sickness: fever, chills, sweating, fast heart rate, sore throat, cough, pneu-
monia, headache, muscular pain, joint pain, fatigue, difficulty in swallowing, hyper-
salivation, jaundice, nausea, weakness, vomiting, constipation, and enlargement of
the spleen. Laboratory diagnosis is essential to confirm malaria. The most reliable
diagnosis is the detection of parasite-infected red blood cells through microscopic
examination of thick and thin blood films. The rapid diagnostic tests (RDTs), based on
the detection of parasite antigens, can be used, but should not substitute for the
needed microscopic tests [19]. Once diagnosed, a confirmed malaria patient should
immediately begin receiving the WHO-prescribed treatment at the earliest.

The findings of the microscopic test are helpful in classifying malaria as uncom-
plicated or severe. In cases of noncomplicated malaria, the parasitemia (% of parasit-
ized red blood cells) is lower than 2%. If parasitemia is 10%, the malarial patient is
facing a severe form of the disease. The symptoms of severe malaria include high fever
and one or more of the following conditions: renal impairment (dark urine and limited
output) acidosis, hypoglycemia, spontaneous bleeding, breathing difficulties, severe
anemia, prostration, or coma. Young children and pregnant women are not only
more vulnerable to malarial infection but also prone to developing severe malaria.
Consequences of severe malaria in a pregnant woman include miscarriage, stillbirth,
premature birth, and birth defects in neonates. Generally, all kinds of malaria cause
bone loss due to chronic bone inflammation and adversely affect the functioning of
skeletal and heart muscles due to poor supply of nutrients and oxygen [20]. There
occurs macrovascular dysfunction in Pf and Pk malaria due to adherence of infected
cells to walls of blood vessels [21]. The above kinds of deficits imposed by malaria,
span of morbidity, possibility of death can all be checked by antimalarial drug treat-
ment, which also aims to clear malarial parasites from the body of a malarial patient
such that malaria does not relapse and transmission to mosquitoes is blocked.
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Antimalarial drugs are also used as chemoprophylaxis, in mass drug administration
campaigns to limit the spread of malaria in endemic areas, and for travelers visiting
the malaria-endemic areas.

3. Currently used antimalarial drugs

The antimalarial drugs are: quinine, mefloquine, halofantrine, and lumefantrine
(aryl aminoalcohols); chloroquine, amodiaquine, and piperaquine (4-
aminoquinolones); primaquine (8-aminoquinoline); pyronaridine (mannich base);
atovaquone (naphthoquinone); proguanil, pyrimethamine and sulfadoxine
(antifolates); tetracycline, doxycycline, and clindamycin (antibiotics); and
artesunate, dihydro-artemisinin and artemether (artemisinin-derived endoperox-
ides). Table 2 gives the chemical structures, purpose and regimen of administration to
malaria patients, biological effects on Plasmodium parasites, and prescription proper-
ties. There is large difference in interclass and intraclass properties of the drugs. In
vivo half-life of artemisinins is short (0.5 to few hours) as compared to that of
lumefantrine, pyronaridine, pyrimethamine, sulfadoxine, piperaquine, and chloro-
quine (3 to 60 days). Quinine and artemether are highly insoluble in water and are
usable for parenteral application. Artemisinins are very fast-acting drugs. Quinine,
chloroquine, piperaquine, and artemisinins are able to block the transmission of
parasites to mosquitoes. Primaquine too blocks transmission but also prevents Pv and
Po malaria relapses. Quinine, mefloquine, lumefantrine, atovaquone, and artemisinins
do not allow the multiplication of parasites in mosquitoes. Unlike proguanil, pyri-
methamine, sulfadoxine, and atovaquone target singular but different parasite func-
tions, whereas artemisinin derivatives, chloroquine, and quinine exemplify
antimalarials, which target multiple functions in parasites.

To overcome deficiencies of individual chemotherapeutics and to slow down
resistance development, antimalarials are now used in combinations. The following
combinations have been recommended by WHO to cure various kinds of malaria
(Table 2): chloroquine + primaquine (against Po and Pv malaria); quinine + tetracy-
cline or clindamycin (against severe malaria); ACTs = artemether + lumefantrine or
mefloquine, dihydroartemisinin + piperaquine, artesunate + pyronaridine or
sulfadoxine + pyrimethamine or artesunate + amodiaquine (against uncomplicated
malaria, especially those caused by Pf). Primaquine or alternatively tafenoquine is
given additionally to stop relapses and transmission; both are contraindicated for
G6PD deficient patients. Tertian malaria caused by Ps is curable by chloroquine +
primaquine treatment [14]. The combinations used for chemoprophylaxis in endemic
areas are atovaquone + proguanil and proguanil + chloromycetin. For chemoprophy-
laxis mefloquine and doxycycline are also used preferably singly.

4. Treatments based on currently used antimalarial drugs

Table 3 presents a summarized account of the first-line treatments for acute and
severe malaria caused by different species of malaria parasites in adults, pregnant
women, and young children, as recommended by WHO. The recommendations are a
result of scores of trials carried out, for the cure of a different kind of malaria in
endemic areas of their occurrence in Africa, America, Pacific islands, southeast and
south Asia, on adult men and women, pregnant and lactating women and young
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S.
No.

Indicative
malarial
condition

Malaria caused by

Plasmodium falciparum Plasmodium vivax, P.ovale,
or of these mixed with P.
falciparum

P.vivax, P.
ovale, P.
malariae or
P.knowlesi

1 (A)
Uncomplicated
malaria: (i) in
adults

Oral: Artemether + Lumefantrine
(the drug(s) of choice)a ;
Dihydroartemisinin +
Piperaquine (not to be
administered to patients suffering
from cardiac condition(s))b;
Atovaquone + Proguanil (known
to produce pronounced
gastrointestinal side effects)c;
Quinine + Doxycyclined; and a
single dose of 0.25 mg/kg body
weight of Primaquine on the first
day or 15 mg/Kg of methylene
blue for 3 days

Oral: Artemether +
Lumefantrinea;
Dihydroartemisinin +
Piperaquineb or Chloroquinem

Oral:
Chloroquinem

2 (ii) in pregnant
women

Oral: Quinine + Clindamycin (in:
all trimesters)e; or Artemether +
Lumefantrine (in all trimesters)

As in column 2; item 2; or
Chloroquinem

As in column
3; item 2

3 (iii) in children
(< 12 years)

Oral: Quinine + Clindamycine;
Atovaquone + Proguanilf;
Artemether + Lumefantrineg; or
Dihydroartemisinin +
Piperaquineh

Chloroquinen Chloroquinen

4 (B) Severe or
complicated
malaria: (i) in
adults

Intravenous Artesunate for 24h or
more (or until the patient can
swallow tablets, but not more
than 5 days)i, followed by a full
course of Artemether +
Lumefantrinea or of
Dihydroartemisinin +
Piperaquineb or Intravenous
Artesunate treatmenti followed
by a full course of Quinine +
Doxycyclined; or alternatively
Intravenous Quininej for 48 hours
or until the patient is able to
swallow tablets, followed by oral
Quinine + Doxycyclinek

As in column 2; item 4; or
intravenous artesunate
treatment followed by the full
course of Chloroquine

As in column
2, item 4

5 (ii) in pregnant
women

Intravenous Artesunatei, followed
by Artemether + Lumefantrine or
Dihydroartemisinin +
Piperaquine as in item 4 above; or
Intravenous Quinine followed by
a course of Quinine +
Clindamycinl

Oral: Chloroquine (in all
trimesters); Artemether +
Lumefantrine (in all
trimesters)

As in column
2, item 4

6 (iii) in children
(≤ 12 years)

A rectal suppository dose of upto
100 mg (10 mg/kg body weight)
Artesunate followed by
intravenous Artesunate or
Quinine and thereafter
dihydroartemisinin + Piperaquine

As in column 2 As in column
2
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children. Some of the references on which the WHO recommendations are based are
given at the bottom of Table 3. The dosages of drugs for children are to be adjusted to
body weight. Some drugs are prescribed when malarial patients suffer from concur-
rent ailments or inherited metabolic deficiencies, the proscriptions for each of the
antimalarial drugs are given in Table 2. Importantly, primaquine is not to be admin-
istered to pregnant and/or breastfeeding women. Because severe malaria patients can
suffer from a blockage in blood flow, filling up of fluid in lung’s air sacks, clotting in
blood vessel, renal failure, and/or seizures, etc., they must be treated in intensive care
environment. Any concurrent bacterial infection in malaria patients should receive
immediate attention, along with malaria treatment.

The options for the treatment of uncomplicated malaria in adult men and women
are artemether + lumefantrine; dihydro-artemisinin + piperaquine; atovaquone
+proguanil; quinine + doxycycline. Along with a drug combination, a dose of
primaquine ensures control of the transmission. The treatment for Pv, Po or mixed
malaria is one of the following: artemether + lumefantrine; dihydro-artemisinin +
piperaquine; chloroquine. For Pm and Pk malaria, the drug recommended is
chloroquine. The drug options for children against Pf malaria are: artemether +
lumefantrine; dihydroartemisinin + piperaquine; atovaquone + proguanil;

S.
No.

Indicative
malarial
condition

Malaria caused by

Plasmodium falciparum Plasmodium vivax, P.ovale,
or of these mixed with P.
falciparum

P.vivax, P.
ovale, P.
malariae or
P.knowlesi

or Quinine + Clindamycin; as for
adults with dosage adjusted as per
body weight

7 Relapse
(prevention):
(i) in adults

Not applicable Primaquineo (not to be
administered to Glucose-6-
phosphate dehydrogenase =
G6PD deficient) p

As in column
3

8 (ii) in pregnant
and
breastfeeding
women

As above Chloroquineq followed by
Primaquine upon withdrawal
of breastfeeding

As in column
3

a = 4 tablets (such as of Coartem) followed by 4 tablets at 0, 8, 24, 36, 48, and 60 hours; b = 3 or 4 tablets (such as of
Eurartesim) daily for 3 days; c = 4 tablets (such as of Malarone) daily for 3 days; d = 600 mg Quinine sulfate every 8 h for
5–7 days and 200 mg doxycycline daily; e = 600 mg quinine sulfate every 8 h plus 450 mg clindamycin every 8 hours for 7
days; f = 1 to 4 Malarone pediatric tablets (as per body weight from ≤ 10 kg to ≥ 40 kg); g = 1–4 tablets at 0, 8, 24, 36,
48, and 60 hours (as per body weight from ≤ 15 kg to ≥ 35 kg); h = ½ to 3 tablets, followed by equal amount at 24 and 48
hours (as per body weight ≤ 10 kg to ≥ 60 kg); i = 2.4 mg/kg body weight injection of artesunate at 0, 12, and 24 h and
thereafter daily; j = starting dose of 20 mg/kg body weight of quinine hydrochloride in 5% dextrose over a 4 h period,
followed by 10 mg/kg body weight of Quinine hydrochloride every 8 h for upto 48 h and later every 12 h; k = 600 mg
quinine sulfate three times a day for 5 to 7 days from the start of quinine therapy, plus oral 200 mg of doxycycline each
day for 7 days; l = intravenous quinine therapy to be followed by oral quinine, like, except in place of doxycycline,
clindamycin (450 mg) will be administered three times a day for a period of 7 days; m = 620 mg at 0 h, 310 mg at 8 h and
310 mg on day 2 and 3; n = 10 mg starting dose, then 5 mg/kg at 8 h and also on day 2 and 3; o = 15 to 30 mg/day or 0.2–
0.5 mg/kg body weight/day for 14 days depending on body weight; p = The G6PD deficiency may be administered by
0.75 mg/kg of primaquine per week for 8 weeks; q = 500 mg each week.

Table 3.
The prevalent antimalarial treatment regimens against un-complicated and complicated malaria(s) in adults,
pregnant and breastfeeding women, and children [5, 28, 58–67].
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quinine + clindamycin. Chloroquine is the drug recommended for children against Pv,
Po, Pm, and Pk malaria. Pregnant women afflicted with any kind of malaria are
recommended to use quinine + clindamycin or artemether + lumefantrine, and those
having non- Pf malaria are also recommended chloroquine. The treatment options for
patients with severe malaria in adult men and women caused by all kinds of parasites
are intravenous artesunate for one or more days until the patient can swallow tablets,
but not more than 5 days, followed by a full course of artemether + lumefantrine,
dihydro-artemisinin + piperaquine or quinine + tetracycline; or intravenous quinine
for 2 days or until the patient can begin to swallow tablets, followed by a full course of
quinine + doxycycline. In the severe malaria cases caused by Pv or Pk, the intravenous
treatments are to be followed by a full course of chloroquine. Pregnant women
patients with severe Pf malaria are to be given intravenous artesunate or quinine
treatments, like that for adult men and women. Whereas artesunate-treated pregnant
women patients are to be given a full oral course of artemether + lumefantrine or
dihydro artemisinin + piperaquine, those who received intravenous quinine will be
given a full oral course of quinine + clindamycin. The severely ill pregnant women,
with any non-Pf malaria, will be given a full course of oral chloroquine or artemether
plus lumefantrine, irrespective of the trimester of pregnancy. Young children with
complicated malaria are to be first treated with artesunate given rectally followed by
the treatments (with dose adjustment according to the patient’s body weight)
recommended for severely ill adult patients.

5. Strategies proposed to treat and control multidrug-resistant malaria

The studies summarized in Table 2 shows that resistance has developed against the
antimalarial drug in current use singly or in two-drug combinations. It is visualized
that in the absence of new drugs and vaccines in the near future, there is an urgent
need to use the existing drugs in better ways and in new combinations. The two
treatments advised for chloroquine-resistant Pv malaria are: (a) dihydroartemisinin +
piperaquine with a dose of primaquine [66], and (b) administration of verapamil, the
calcium channel blocker which serves as a chemo sensitizer, along with chloroquine to
improve drug efficiency. The possible treatments advised for ACT-resistant Pf malaria
are (a) A new ACT combination of artesunate + pyronaridine to be introduced as a
treatment. (b) ACTs, such as dihydroartemisinin + piperaquine and artesunate +
mefloquine be used rotationally (c) The period of use of prevalent ACTs be extended
from 3 days to up to 7 days. (d) ACTs be used as combinations of artemisinin drugs
with two partner drugs, such as artemether + lumefantrine + amodiaquine, and
dihydroartemisinin + piperaquine + mefloquine. (e) The double and triple drug ACTs
be used sequentially. (f) The combination of fosmidomicin and piperaquine serves as
a sure cure. Another important suggestion is the administration of a dose of the drug
ivermectin in the endemic areas along with the ACT or singly periodically on a mass
scale. Ivermectin taken by mosquitoes along with the blood meal of ivermectin
administered to humans will have a killing effect on them, thereby drastically
controlling malaria transmission [67–69].

An entirely new strategy to treat multi-drug (ACT) resistant malaria has been
developed wherein tablets made of dried leaves of the A. annua plant (natural
resource of artemisinin drugs) are used [4]. The origin and essential features of this
highly affordable malaria therapy are discussed below.
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6. Artemisia annua dry leaf antimalarial therapy (ALT)

The ALT has been earlier called the whole Plant based artemisinin combination
therapy (pACT). pACT was called a combination therapy because of the involvement
of artemisinin and other metabolites present in the leaves of A. annua in the antima-
larial therapeutic effect of Artemisia annua dry leaves [70, 71]. ALT is unlike the
conventional ACTs (mentioned in Tables 2 and 3), in which the artemisinin compo-
nent, extracted from A. annua or artemisinin synthesizing transgenic tobacco or
Physcomitrella patens whole plant [72], or semi synthesized from Artemisia annua
produced natural precursor(s) [73] is present in its derived pharmaceutical forms,
such as artesunate, artemether, and dihydroartemisinin. ALT is a non-pharmaceutical
antimalarial treatment that depends on artemisinin and many other metabolites natu-
rally biosynthesized and present in the leaves of the Artemisia annua plant, but for
many of which the mode(s) of antimalarial action remains to be revealed. To get
WHO recommendation, ALT has to go through extensive and essential fundamental
and clinical research which needs to demonstrate that ALT is safe, efficacious, and
would not promote the development of resistance to artemisinin in malarial parasites.

ALT uses standardized tablets (Figure 1) as the antimalarial drug prepared by
compressing the dried pulverized leaves, harvested from cultivated plants of a specific
variety(ies) of Artemisia annua, which contain ≥1% artemisinin.

The origin of ALT, as a dependable medicine against multi-drug-resistant malaria,
is based on information from historical texts and a number of experimental findings.
Some of the important empirical basis for ALT is annotated below:

a. There is recorded evidence that the Chinese people have been using A. annua
material as a remedy for fever and chills, such as those associated with malaria.
One of the effective materials consumed in traditional medicine was the
consumption of the juicy extract of water-soaked A. annua leafy stems. The

Figure 1.
ALT tablets made from dry Artemisia annua cv Sanjeevani leaves. a = A. annua freshly harvested leaf; and b =
Tablets made by compressing the dried A. annua leaves.
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Chinese traditional medicine literature does not report any case of resistance
development against A. annua treatment used [74].

b. The A. annua plant material has been used by human populations in various
parts of the world where the species existed naturally for various purposes,
including for medicinal uses and as an item of food for livestock and humans
without notice of any harmful effects [75] and therefore the species has been
granted the GRAS (Generally Recognized As Safe) rating. Accordingly, A.
annua leaves in amounts ≤ 30 g dry weight/day can be safely consumed [76].

c. In a study batch of healthy mice were orally fed on the one hand with an
amount of artemisinin in its pure form, and on the other hand, were fed an
equal amount of artemisinin in the form of A. annua dried leaves. The blood
stream of mice fed with dry leaves contained > 40 times more artemisinin as
compared to mice fed with pure artemisinin. Mice were required to be fed
with > 45-fold more pure artemisinin (as a component of the normal mouse
food) than artemisinin in dry A. annua leaves, so that artemisinin could be
detected in the mouse bloodstream [77].

d. In another study, it was observed that oral administration of the Artemisia
annua leaves to the Plasmodium chabaudi—infected mice killed the parasite
without causing toxicity to mice. It was further found that parasitemia in the
infected mice was reduced at least five-fold more by a single dose of A. annua
leaves as compared to an equivalent dose of pure artemisinin, and the effect of
dry leaves lasted longer than that of pure artemisinin (Elfawal et al., 2012). The
experiments at c and d above suggested that the presence of metabolites other
than artemisinin in the dry leaves of A. annua improved both the bioavailability
of artemisinin in the bloodstream and the therapeutic efficacy of artemisinin in
infected red blood cells. These possibilities were evidenced by correlating the
phytochemistry of A. annua leaves with the response of healthy and parasite-
infected mice to the feeding of pure artemisinin versus A. annua leaves, as
above and below in e and f. Recently, using CaCo-2 model of intestinal
transport, the digestates of A. annua dried leaves were found to improve the
artemisinin transport by 37% [78].

e. The leaves of A. annua plants are known to contain a number of classes of
secondary metabolites including artemisinic compounds other than artemisinin.
Many of these possess varying levels of anti-plasmodial activity, albeit much
weaker than in artemisinin. The non-artemisinin, antimalarial compounds
affect the survival of parasites via mechanisms that are independent of that for
artemisinin or which determine the availability or activity of artemisinin at its
site(s) of action. Some of the metabolites of Artemisia annua characterized for
possession of their own kind of anti-Plasmodium activity, according to their
chemical class, are as follows [79, 80]: artemisinic compounds = arteannuin B,
artemisinic acid, dihydroartemisinic acid; coumarin = scopoletin; flavonoids =
artematin, casticin, circilineol, chrysoplenetin, chrysophenol-D, eupatorin,
kaempferol, luteolin, myrcetin, quercetin; phenolic acids = chlorogenic and
rosmarinic acids; saponins; sulfated polysaccharides; terpenes = artemisia
alcohol, artemisia ketone, borneol, camphene, camphor, caryophyllene,
1, 8-cineole, germacrene D, limonene, myrcene, nerolidol, α-pinene, phytol,
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sabinene, spathulenol, α-terpineol. The flavonoids and phenolic acids in general
inhibit the cytochrome enzymes, present in the liver and intestine, that
metabolize artemisinin to deoxyartemisinin, thereby increasing the
bioavailability of artemisinin in the bloodstream [81].

f. ALT was shown to be effective against artemisinin-resistant malarial infections
and its treatment was resilient to resistance development in animal model
systems. Administration of a single oral dose of A. annua dry leaves (24 mg
artemisinin/kg body weight) to rodents infected with artemisinin-resistant P.
yoelli cured their parasitemia, whereas an equivalent dose of pure artemisinin
proved to be ineffective on corresponding animals. It was further shown that
the stable resistance to A. annua dry leaf treatment, in P. chabaudi infected
mice, occurred 2.7 times slower than the acquirement of resistance to pure
artemisinin. Achievement of resistance to dry A. annua leaf treatment in P.
chabaudi-infected mice was found to be 1.6 times lower than that for the
treatment with artesunate + mefloquine (ACT) [82].

g. The clinical use of ALT treatment on human patients with severe Pf malaria in
the Democratic Republic of Congo proved the efficacy of ALT. For ALT
treatment, tablets of 500 mg weight, each containing 5.5 mg artemisinin, were
prepared by compressing powdered dry leaves of Anamed-A3 variety of A.
annua. The patients given the ALT treatment were 6 males and 12 females, from
14 months to 60 years of age, whose malaria did not cure from treatment with
artemether + lumefantrine, nor from intravenous artesunate treatment. The
malaria patients had entered the severe phase which included symptoms, such
as loss of consciousness, convulsions, frustration, shock, respiratory distress,
pulmonary edema, bleeding, gastric distress, and jaundice. Among the patients,
the adults were administered one tablet twice daily for 5 days, children of 5–15
kg body weight and 15–30 kg body weight, were given quarter and half tablet
twice daily for 5 days, respectively, and those in a coma or too young to swallow
tablets, the tablet-dose was crushed, mixed with water and delivered via
nasogastric tube. All the patients got cured of their malarial disease and there
were no adverse side effects. In ALT treatment on another set of patients, rectal
administration of dried pulverized leaves of Artemisia annua was found
effective in curing Pf malaria [83, 84]. More extensive studies are needed that
will cover 28 days of follow-up after treatment with ALT.

From the evidence described above, about the roles of diverse phytochemicals
present in the leaves of A. annua in augmenting the inhibitory/lethal effects of
artemisinin in ALT on infections of Plasmodium species on animal model systems and
about clinical efficacy and safety of ALT on human malaria patients, it is possible to
conclude that ALT is an inexpensive but safe and effective option for treating acute and
severe malaria. Since multiple secondary metabolites with the independent lethal mode
of action on malarial parasites are involved in the efficacy of ALT, it is possible to
further conclude that it will take a considerable time period before any resistance
evolves against ALT treatment in malarial parasites or via it against artemisinin. It has
been advised that the safety of ART treatment in pregnant women be evaluated and
that nausea resulting from oral intake of dry leaf tablets may be controlled by encapsu-
lation or use of anthelmintics or sweet substances [85]. Should there be recrudescence,
the ALT treatment may be repeated or alternatively a triple ACT treatment be given.
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7. ALT: establishment of the compositional consistency of tablets

Like for pharmaceuticals, stringent control over the quality of A. annua dry leaf
tablets, during their manufacturing process, is essential for ALT’s inclusion in the first
line of antimalarial therapeutics. To achieve this objective in practice all the individual
steps of the process must be standardized. To obtain leaves of high artemisinin con-
tent, only the identified genotypes of A. annua be grown under consistent and speci-
fied cultivation conditions. To retain the secondary metabolites in high
concentrations, the harvested shoots of field-grown plants must be dried under clean
and ambient conditions [86] to retain the secondary metabolites present in them in
high concentrations. From the dry shoots, leaves are to be mechanically separated
from the stem on clean surface, the dry leaves produced from different fields should
be homogenized, sieved, pulverized using a blade cutter or equivalent instrument,
characterized, and converted into tablets of standard weight, size, and content of
artemisinin and a few flavonoids and terpenes, under hygienic conditions [80].

The A. annua crops can be cultivated in temperate and subtropical
agroenvironments, such as those available in the countries of central and southern
Europe, central Asia, southeast Asia, south Asia, east Africa, South America, and in
Australia. Several genetically improved and bred varieties of wide adaptability, whose
leaves upon drying contain 0.7 to 1.2 % artemisinin, are readily available, including
Anamed (A3), Artemis, CPQPA, Jeevanraksha, Arogya, and Sanjeevani [87]. Besides,
several to many seed industry-bred varieties of A. annua are also available.

In India, Jeevanraksha was developed as a product of a polycross hybrid of Asha
variety x a Chinese accession followed by back crossing with Chinese parent, selected
for ≥ 0.5% artemisinin content in vegetative stage leaves in subsequent generations.
Arogya was a selection of globular-shaped hyper-branched segregants from
Jeevanraksha lines that had adapted to the temperate agroclimate of Kashmir having ≥
0.8% artemisinin content in vegetative stage leaves. Sanjeevani was developed as a
polycross product of Arogya x Jeevanraksha selected for ≥ 1.0% artemisinin content in
leaves of the vegetative stage (Sushil Kumar, personal communication).

A. annua is a short day-flowering, open-pollinated annual shrubby species that
completes its life cycle in upto one year time. The sowing and harvesting times of A.
annua crops to obtain high-quality produce of leaves has been prescribed according to
the agro-climates of country-wise geographical locations of cultivation and variety
(ies) [87]. The nursery-grown plants of one month or more of age are transplanted in
fields @ 20–70 thousand plants/ ha, depending on the plant architecture and average
field duration of plant population of the variety used. Nursery plants are raised by
spreading the seeds on a wet soil surface, in farmyard manure fertilized field. The
number of seeds required for planting 1 ha of the crop is 3–5 g. Fields of sandy-to-
sandy loam soil type are used and fertilized with manure and fertilizers @ N:P: K:
60:40:40 kg/ha. The transplanted A. annua crop, to produce dry leaves for ALT, is
harvested before flowering occurs on plants. The plant shoots are dried at tempera-
tures ≤ 40 °C, in the field, under shade, or in specially designed temperature-
controlled chambers. The desirable moisture content in the dried leaves is 10–12%.
Dry leaves are stored and transported in the form of large blocks by compressing the
leaves in molds.

Artemisia annua has been in commercial cultivation by farmers in India for more
than 15 years, under the public-institution (CSIR-CIMAP) assisted farmer-company
(IPCA) partnerships. In recent years such farmer-company partnerships have covered
2500 h/y, largely in north-west India and in this region preponderantly in the

158

Malaria - Recent Advances and New Perspectives



Indo-Gangetic plains area. A.annua is also being cultivated in central and southern
India. As a result, India has become a major resource of artemisinin and its derivatives.
According to the agroclimate of the Indo-Gangetic plains, the most suitable time for
the sowing of the nursery is 15 December to 15 January. Seedlings are transplanted in
to the fields vacated by potato crops between 20 February and 1 March. This summer
crop of A. annua is harvested between May 28 and June 5 (several weeks before the
onset of monsoon rains) and shoots are dried under shaded conditions. Alternatively,
or additionally, the plants growing in the nursery are transplanted in fields vacated by
wheat crop from 15 May onwards, and the resulting crop is harvested between 21
September and 1 October (after the withdrawal of monsoon rains and with the onset
of inflorescence development, but before flowering occurs). The autumn crop is dried
in temperature-controlled chambers. The yield of dry leaves from the summer and
autumn, harvested crop is 2.5 and 3.5 T/ha, with 0.8 to 1.2% artemisinin content,
respectively, depending on the variety used; the highest levels of ART (1–1.4%) are
present in the leaves harvested from the crops of Sanjeevani variety (Sanjay Kumar,
Ramesh Srivastava, and Anil Gupta, personal communication).

Need is felt internationally for new genotypes of A. annua and for methodologies
of plant population propagation such that the individual plants under cultivation have
the same genotype or largely similar genotypes. Since A. annua is an open-pollinated
crop, individual plants in populations of its registered varieties Anamed (A3),
Jeevanraksha, Sanjeevani, and others demonstrate phenotypic differences arising
from the segregation of alleles of thousands of genes which are present in heterozy-
gous condition. A genomic study has confirmed the presence of heterozygosity at a
large number of protein-coding genes, among 63226 genes identified in A. annua. The
quality of dry leaf tablets from any available variety is the result of an average
phenotype of its cultivated populations. In the future it is desirable to have ALT
tablets from plants of a single genotype. There are several possibilities to pursue this
aim. One of these is to develop elite inbred lines through selfing in existing varieties
for 6 or more generations. The seeds of the chosen inbred line will be always produced
in isolation. Second, F1 hybrids of two selected inbred lines, selected for heterosis,
may be chosen for cultivation. Again, F1 seeds will be produced from co-cultivation in
isolation of the parental inbred lines whose own seeds will be produced in isolation.
Special genotypes, an important one being photo-period independent early flowering,
could be developed in the background of chosen singular genotype(s). When suitable
genotype(s) have become available for mono-genotype-culture, an alternative
method to produce planting material on a mass scale could be the deployment of
micro-propagation procedures [88, 89]. Any one selected plant from Jeevanraksha,
Sanjeevani, or Anamed (A3) could become a clonal variety with the use of
micropropagation for genotype multiplication.

8. Cost-effectiveness of ALT treatment

The ALT treatment in comparison to ACT treatment is highly cost-effective. In the
Indo-Gangetic plains area, the cost of cultivation, harvesting, and processing of
harvested shoots to obtain dry leaves of A. annua var Jeevanraksha, Arogya or
Sanjeevani (all genetically related), and profit for farmers, under the farmer-private
company partnership scheme, for two hectares of crop yield of 50 tons of dry leaves is
� Rs. 2, 00, 000 (or �US$ 3,500). The cost of producing 10 million tablets of 500 mg
dry leaves each can therefore be speculated as � Rs 5,00,000 (or � US$ 8500).
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Considering the expenditure of all kinds on the supply chain of ALT tablets, the cost
of a 10 tablets treatment for an adult is estimated as less than Rs 1 (or less than US
Cents 17). The ALT treatment in India will be at least 60 to 150-fold less costly than an
ACT treatment. It is possible to conclude that large-scale adoption of ALT treatment
as advised above can tremendously advance the aim of WHO and 97 malaria-endemic
countries, including India, to significantly reduce or eliminate the burden of malaria
by 2030. ALT capsules have the added advantage of being used as suppositories.

9. Possibilities of using ALT beyond malaria

A variety of disease conditions in humans and livestock are known to respond
curatively to artemisinic-, terpenoid-, and flavonoid-compounds present in A. annua
leaves. There is thus a strong possibility that ALT tablets may prove to be of thera-
peutic value against many diseases beyond malaria. There is robust evidence that
demonstrates that many viruses-, bacteria-, fungi-, protozoa-, and helminths- caused
infectious diseases on the one hand and autoimmune-, and digestive systems/ meta-
bolic- disorders, and cancers on the other hand are attenuated/ prevented by treat-
ment with artemisinins and A. annua leaves [90].

The drugs artemisinin and artesunate have been found to inhibit replication/
multiplication of hepatitis causing hepatitis B (HBV) and C (HCV) viruses and sore-
inducing herpes virus and it is close relative cytomegalovirus in cultured human cells
[91]. The in vitro growth of Mycobacterium tuberculosis (the bacterium which causes
tuberculosis in humans), as well as the tubercular bacterial growth in infected mice,
has been found to be arrested by artesunate. The addition of artemisinin to the culture
of Aspergillus fumigatus (which causes aspergillosis in human) has been observed to
stop the growth of fungus. Artemether and extracts of A. annua leaves have proved
lethal to in vitro growing Acanthamoeba castellani (a cause of amoebiasis in humans)
[92]. Treatment of mice infected with Acanthamoeba with water-, alcohol- or chloro-
form- extract of Artemisia annua leaves was observed to have increased the life span of
diseased animals. Feeding of A. annua leaves to the broiler chickens infected with
Eimeria tenella parasites saved the infected animals from the development of
coccidiosis disease [93]. Growth of both visceral and cutaneous leishmaniasis causing
Leishmania parasites, in human macrophage cultures, was found to be attenuated by
the treatment of artemisinin. Analogously, the leishmania infections in model animals
were also observed to have been arrested by treatment with artemisinin or A. annua
leaf powder. Artesunate was observed to inhibit the Toxiplasma gondii infection of
cultured human cells and of mice in vivo. Trypanosomiasis (human African sleeping
sickness) like disease caused by Trypanosoma brucci infection in experimental mice
and rats were found to have been cured by artemether treatment. Artemisinin and
artesunate treatments given individually inhibited the growth of T. brucci and T. cruzi
(the cause of chagas disease in humans) in cultured human cells. Infection in humans
and in experimental mice of Schistosoma mansoni, as well as S. japonicum (both the
species are cause of schistosomiasis disease), was observed to get inhibited by treat-
ment with each of the drugs- artemether, dihydroartemisinin, and artesunate [94].

In different studies, artesunate was found to cure/suppress and relieve symptoms
of collagen-induced rheumatoid arthritis, Crohn’s disease, ovalbumin-induced
asthma, and lipopolysaccharide-induced uveitis, all in model animals. Obesity and
fatty liver diseases caused by consumption of a high fat/ nutrition diet in experimental
animals were found to be cured by treatment with A. annua leaf extracts. The A.
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annua leaf extract also cured alloxan-induced diabetes in rats. It was found that
artemether treatment, to type1 diabetic zebrafish, mice and rats, and human pancre-
atic islets, transformed the pancreatic α cells into β cells such that insulin synthesis
started relieving the type 1 diabetes symptoms [95]. Cells of human cell lines of
pancreatic-, hepatocellular-, gastric-, colorectal- and renal- cancer stopped proliferat-
ing and got killed by an oncosis-like process upon treatment with artesunate. Also, the
xenographs of pancreatic-, hepatocellular-, gastric- and renal-cancers in animal
models were found to regress upon treatment with artesunate. The artemisinin treat-
ment produced analogous results in in vitro and in vivo gall bladder cancer and in
in vitro cervical cancer. The experimental findings that artemisannua controlled obe-
sity and diabetes in model animals strongly suggest that ALT as a treatment for these
diseases in humans [87].

Clearly, the above discussion suggests that the mechanisms of biological actions of
artemisinins and artemisannua are such that these agents serve as broad-spectrum
therapeutics, such as to cure a variety of human diseases. These observations raise the
possibility that perhaps ALT can substitute for artemisinins and artemisannua and
ALT can be a therapy for multiple diseases beyond malaria. In view of the above, the
need for pilot studies and clinical trials on quality-controlled ALT tablets for studying
the response of their administration to patients of each of the different nonmalarial, as
well as malarial diseases, that respond to artemisinins and artemisannua, cannot be
overemphasized.

10. Concluding remarks

In the last ten years, the incidence of malaria disease was reduced by 20% and
mortality among malaria patients by 30%. This was in the main achieved by the use of
two-drug ACTs and chloroquine in the treatment of falciparum and vivax malaria,
respectively, and by the use of primaquine treatment to block the transmission of
parasites from humans to mosquitoes (Table 3). However, the falciparum and vivax
malarial parasites have developed genetic resistance against a large majority of the
approved antimalarial pharmaceuticals in some of their populations in malaria-
endemic areas, thereby making the drugs ineffective (Table 2). There has been
independent development of artemisinin resistance in southeast Asia and Africa;
consequently, ACT treatments too have become ineffective in parts of these geo-
graphical areas. To meet the challenge of multi-drug resistant falciparum malarial
strains, treatment with three-drug ACTs has been advised. This year a new treatment
(ALT) has been added to cure the acute and complicated malaria caused by ACT-
resistant falciparum parasites. The ALT treatment comprises capsules filled with or
tablets made from A. annua dry leaf powder, derived from cultivated plants of spe-
cific variety(ies) bred for ≥ 1% artemisinin content and a combination of other
therapeutically active metabolites naturally present. A regimen of two 500 mg leaf
powder tablets a day for 5 days was found to cure adults suffering from ACT-resistant
complicated falciparum malaria that was unresponsive to ACT or iv artesunate (most
likely artemisinin-resistant). The ALT treatment’s malaria curing property has been
related to antimalarial activities of artemisinin, several other artemisinic compounds,
many terpenes and flavonoids, and other types of molecules present in the dry A.
annua leaves. ALT is safe and seems resilient against artemisinin drug resistance
development. The cost of an ALT treatment was estimated to be about 100-fold lower
than that of an ACT treatment. Extensive putative use of ALT has gained importance
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since a recent policy statement of WHO emphasizes the importance of affordability
for everyone of safe, efficacious, and quality medical products. The ALT, besides
being an efficacious antimalarial treatment has properties that raise possibilities of its
multi-repurposement as a treatment against all those diseases which respond cura-
tively to artemisinin, its derivatives and A. annua leaf powder or its extracts. This list
includes diseases as diverse as hepatitis, tuberculosis, leishmaniasis, toxoplasmosis,
trypanosomiasis, schistosomiasis, asthma, rheumatoid arthritis, diabetes, and cancers
of various body organs. There is now an urgent need for (a) further evaluation of
artemisinin efficacy against several of the listed diseases in vivo models, and (b) pilot
studies and clinical trials to attest ALT treatment for varied malaria and diseases
beyond malaria for which artemisinin efficacy has been experimentally established,
for the benefit of billions of patients of above-listed diseases.
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Abstract

This chapter X-rayed antimalarial drug resistance (ADR) by plasmodium
species with a particular focus on P. falciparum, which is the most deadly species
of the malaria parasite responsible for over 90% of the global malaria burden
domiciled in Sub-Saharan Africa. The introduction intently looked at malaria
therapeutics across the decades and the development of drug resistance by the
parasite. With the malaria parasite (P. falciparum) as the focal point, the
mechanisms by which they develop resistance to antimalarial drugs was looked at,
including factors affecting drug resistance development. Armed with this
knowledge, the chapter also highlighted the therapeutic interventions taken against
this hydra-headed monster together with their limitations and recent advances
towards addressing those limitations or opening new frontiers for research explora-
tion. Future perspectives that will provide research strategy and direction as possible
tools for combating drug resistance development by the malaria parasite were also
discussed.

Keywords: antimalarial drug resistance (ADR), P. Falciparum. Malaria, mutation

1. Introduction

Malaria is a public health concern which has ravaged majorly Sub-Saharan
Africa which accounts for over 90% of the global malaria burden [1]. This disease is
caused by Plasmodium species, five of them are known to cause the disease in man.
They are Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium
malariae, Plasmodium knowlesi. Plasmodium falciparum is the responsible for the most
deadly form of the disease found in Sub-Saharan Africa causing the highest global
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morbidity and mortality rates in Africa. Children from 0 to 5 years and
pregnant women are the most vulnerable to this disease. There has been a lot
of therapeutic interventions by way of drugs targeted at eliminating or
eradicating malaria. Prior to the introduction of the first synthetic drug chloroquine,
cinchona alkaloids, quinine and quinidine have been used for the treatment of
malaria. Chloroquine was introduced in 1940 as the mainstay for malaria
treatment for about a decade plus until the parasite developed resistance to it.
This led to the development and introduction of other drug classes consecutively as
follows.

a. 4-Aminoquinolines (e.g. chloroquine, amodiaquine and piperaquine)

b. Aminoalcohols (e.g. mefloquine, halofantrine and lumefantrine)

c. Antifolates (e.g. sulphadoxine, pyrimethamine, proguanil)

d. Hydroxynaphthoquinone (e.g. atovaquone)

e. Endoperoxides (e.g. artemisinin and derivatives with their combination with
other antimalarial drugs (ACTs) [2].

The following classes of drugs consecutively have been used clinically in the
treatment of malaria; (1)4-aminoquinolines (e.g. chloroquine, amodiaquine and
piperaquine) (2) aminoalcohols (e.g. mefloquine, halofantrine and lumefantrine)
(3) antifolates (e.g. Sulphadoxine, pyrimethamine, proguanil) (4)
hydroxynaphthoquinone (e.g. atovaquone) and (5) endoperoxides [e.g. artemisinin
and derivatives with their combination with other antimalarial drugs (ACTs.)] Classes
1–4 are no longer used as first lines as a result of resistance development to them by
the malaria parasite. Currently the endoperoxides’ clinical efficacy against the malaria
parasite is being threatened by emergence of artemisinin-resistant and ACT-resistant
strains of the parasite particularly in the Greater Mekong Subregion (GMS) and
recently in Africa [3].

The phenomenon of Antimalarial Drug Resistance (ADR) has led to the clinical
retirement of Drug Classes 1–4 and is threatening the clinical efficacy of Drug Class
5-endoperoxides e.g. Artemisinins and their combinations. This is shown in the
Figure 1 below.

A critical look at Figure 1 shows ADR as shown by the brown band generally
causes a reduction in the clinical lifespan of the antimalarial drug as one moves
interclass. This reduction in clinical lifespan has led to the retirement of drug classes
1–4 as first line treatment for malaria. Drug class 5; the Artemisinins and their com-
binations (ACTs) are currently under threat of resistance by the malaria parasite.
ACTs are the WHO-recommended firstline and lastline (of some sorts) treatment for
malaria. ACTs are one of the major factors responsible for the global successes
recorded in the fight against malaria for about two decades now. The recent
emergence of ACT-resistant strains of the malaria parasite in GMS and Africa
has underlined the need for the discovery and development of novel therapeutic
agents with novel mechanisms of action as one of the ways of tackling this
hydra-headed monster. In tackling ADR, it is pertinent to zoom in on it and take
a close look at it.
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2. What is antimalarial drug resistance (ADR)?

Antimalarial Drug Resistance (ADR) can be best described as resistance to antima-
larial drugs by the malaria parasite; Plasmodium species particularly P. falciparumwhich
is responsible for the most deadly form of malaria - Falciparum malaria. P. falciparum is
responsible for over 90% of the global malaria burden domiciled in Sub-Saharan Africa.
It is the most virulent plasmodium species responsible for high morbidity and mortality
rates of malaria observed in Africa particularly Sub-Saharan Africa. ADR has rendered
most of the antimalarial drug classes clinically ineffective; these drug classes include
4-aminoquinolines, antifolates, mefloquine and atovaquone etc.

2.1 Development of ADR

When the malaria parasite is exposed to antimalarial drugs, initially it succumbs to
the pharmacological action of the drug, over time develops resistance to it. Resistance
development by the parasite is its adaptation to the new environment (with the
presence of the drug) a complete departure from the old environment (absence of the
drug). Continuous use of antimalarial drugs particularly at sub-therapeutic doses
exposes them to the malaria parasite leading to the development of resistant strains of
the parasite with several resistance phenotypes, some of these resistance genotypes
might not necessarily have the resistance phenotypes. In Africa, the most frequent
PfKelch13 mutation is A578S, this mutation does not confer Artemisinin resistance
in vivo or in vitro [4]. The period between the first introduction of the antimalarial
drug and the emergence of resistant strains of the parasite is laden with a variety of
adaptive activities which may include genetic mutations which may include Gene
Copy Number variations (CNV), Point mutations etc. An example of point mutation is
the substitution of the Amino acid lysine with threonine at position 76 on the protein

Figure 1.
The impact of resistance on antimalarial drug classes. (adapted from a journal article, drawn with Microsoft excel).
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(K76T). Gene copy number variants are deletions and amplification of a gene or a set
of continuous genes and contribute to the great diversity of P.falciparum genome. In
vitro studies have revealed their roles in parasite fitness phenotypes which include
transmissibility, drug resistance, red cell invasion [5]. Resistance can also be imported
into sensitive parasitic cells from neighboring resistant cells by R-plasmids transfer.

2.2 Resistance phenotypes

ADR by P. falciparummanifests with several resistance phenotypes which include;
delayed parasite clearance, increased transmissibility, decreased schizont susceptibility,
decreased gametocyte susceptibility, Ring stage resistance. Clinically, delayed parasite
clearance is the phenotype used to establish resistance to antimalarial drugs. Parasite
clearance rate can be used to measure delayed parasite clearance. It is quantified as the
time taken by the antimalarial drug to reduce parasitaemia by half: for sensitive strains
of P. falciparum, it is usually between 1 and 3 h, for resistant strains >5 h [6].

3. Mechanisms of drug resistance development

ADR by P. falciparum occurs through various mechanisms which include;

a. Reduction of the drug concentration at the site of action (Efflux mechanism):
This is the mechanism of resistance by P. falciparum to chloroquine, a 4-
aminoquinoline. Point mutation in the P.falciparum chloroquine resistance
transporter gene (PfCRT) results in the transporter effluxing more of the
chloroquine out of the digestive vacuole reducing its effective intravacuolar
concentration. Point mutation in the P. falciparum multidrug resistance-1
transporter (Pfmdr1) gene is responsible for the resistance of P. falciparum to
amodiaquine, piperaquine and pyronaridine [7].

b. Structural changes in the drug-binding receptors which could be part of an
enzyme or enzymes or part of a cascade system-electron transport chain.
Mutations in two key enzymes of the parasite”s folate synthesis pathway -
Dihydropteroate Synthethase (DHPS) and Dihydrofolate Reductase (DHFR) is
responsible for resistance to the antifolates - sulphadoxine, pyrimethamine etc.
A single point mutation in the cytochrome b (CYTb) subunit of the bc1 complex
confers resistance to atovaquone [7]. Mutations in Kelch-13(K13) Propeller
domains are responsible for resistance to the artemisinins and Artemisinin
Combination Therapy (ACTs).

3.1 Factors affecting drug resistance development

Having looked at the mechanisms of drug resistance, it is pertinent to also look at
the enabling factors which include:

3.1.1 Spontaneous mutations

This occurs as a natural survival strategy of the parasite independent of the
presence of the drug, Mutations occur de novo. The parasite’s genome replication rate,
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mutation rate per base pair per parasite generation are the principal determinants of
spontaneous mutation [8].

3.1.2 The antimalarial drug pharmacokinetics

The selection of resistant mutants in the presence of the drug as shown in Figure 2
is principally dependent on its pharmacokinetics (Slowly eliminated drugs with a long
tail of sub-lethal dose generally select faster) and magnitude of drug use within the
parasite population (the higher the drug pressure per parasite the faster the selection).

4. Measures to tackle antimalarial drug resistance (ADR)

ADR has retired drug classes 1–4 (Figure 1) clinically. Currently Drug class 5
(Figure 1) faces a big threat of being retired too by ADR. What measures has been
taken to checkmate this hydra-headed monster and their limitations?

4.1 Combination therapy

The advent of chloroquine resistance led the World Health Organization (WHO)
to approve some combination therapies which included various combinations of
Antifolates e.g. Sulphadoxine 500 mg + Pyrimethamine 25 mg (SP), SP + Chloroquine
(CQ), SP + Amodiaquine etc. The rationale for combination therapy is combining at
least two drugs with different mechanisms of action against the malaria parasite. The
aforementioned combination therapies are no longer in use as a result of resistance
development to one or both drugs in the combination by the malaria parasite, sec-
ondly due to adverse effects of one or both drugs in the combination. With the
introduction of Artemisinins as the mainstay for the treatment of uncomplicated P.
falciparum malaria and the subsequent development of resistance to artemisinin

Figure 2.
Showing factors enabling resistance development and spread (adapted from www.malariasite.com with the aid of
www.biorender.com).
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monotherapy, WHO approved Artemisinin-based Combination therapy (ACT) as the
first line of treatment for uncomplicated and resistant P. falciparum malaria. The
following ACTs approved by WHO are currently in clinical use;

a. Artemether plus Lumefantrine (AL)

b. Dihydroxyartemisinin plus Piperaquine (DHA-PPQ)

c. Artesunate plus Amodiaquine (AS-AQ)

d. Artesunate-Pyronaridine (AS-P)

e. Artesunate-Sulphadoxine-pyrimethamine (AS-SP)

f. Artesunate-Mefloquine (AS-MF).

The rationale for ACTs is combining a short-acting artemisinin with a long-acting
partner drug whose duration of action provides the much-needed antimalarial cover
long after the action of artemisinins has withered. This strategy was meant to over-
come the phenomenon of ADR but sadly in 2009, there were reports of a deadly strain
of P. falciparum (artemisinin-resistant P. falciparum) in the Greater Mekong Subre-
gion (GMS) comprising Laos, Cambodia, Vietnam, Thailand, Myanmar and Yunnan
Province in Southern China. The magnitude of this resistance threat in the GMS was
to the extent of resistance to four out of the five WHO-approved ACTs for use in the
region. This led to the setting up of the Regional Artemisinin-resistance Initiative
(RAI) by the Global fund to address this emerging global health threat in the GMS in
2013. The outcomes of the RAI strategy in the GMS will be discussed under the
section; Recent Advances against ADR.

4.2 Continuous discovery of chemically and mechanistically novel antimalarial
agents

The need for unrelenting search for chemically and mechanistically novel antima-
larial agents has been underscored by the growing threat of ACT-resistant malaria in
the GMS. The past decade has seen an unprecedented renewed focus on the discovery
of new antimalarial entities through extraordinary collaboration between academia
(parasitologists, medicinal chemists, pharmacologists, clinicians) and industrial/pri-
vate partnerships e.g. Medicines for Malaria Venture (MMV). The following promis-
ing antimalarial drug leads are products of such collaborations and are in the product
development (patient exploratory) stages (Figure 3).

4.3 Limitations

Despite the above measures taken against ADR, limitations abound and they
include development of resistance by P. falciparum to ACTs which presents as delayed
parasite clearance. The huge cost involved in drug discovery and development pro-
jects is a great limitation to the search for novel antimalarial agents with novel mech-
anism(s) of action [9]. Some of the candidates have not gone beyond Phase II clinical
trials because of safety concerns. The ones that crossed Phase II clinical trials do not
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have significant antimalarial action due to resistance development and may exhibit
unexplained loss of potency necessitating stoppage of such multi-billion dollar drug
discovery and development projects.

5. Recent advances

Advances in the fight against ADR should among other challenges and areas of
need address major limitations mentioned above. There has been renewed drive in
terms of research to tackle head-on ADR using a multi-pronged approach, this has led
to some recent advances which includes but not limited to the following:

5.1 Regional artemisinin-resistance initiative (RAI)

Launched in 2013 by the Global Fund to tackle Artemisinin resistance in the GMS
(with the exception of Yunnan province in Southern China) [10] using a multi-
pronged approach which included treatment and prophylactic strategies resulted in
88% reduction in indigenous malaria cases and 95% reduction in P. falciparum cases
[1]. Partly responsible for the success story of malaria control in the GMS is the policy
of Drug Rotation-exposure of the malaria parasite to different cycles of ACTs.

5.2 Nanomimics

This era of an emerging global threat (ACT-resistant malaria), an emerging,
very promising strategy is the concept of nanomimics, an ingenious strategy devel-
oped by Najer et al. [11]. Researchers in Switzerland have successfully designed and
tested host cell nanomimics. They developed a single procedure to produce polymer

Figure 3.
Showing progression of the clinical development of new antimalarial candidates over the past five years (source:
www.researchgate.net, date accessed: 28th June, 2022).
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vesicles-small artificial bubbles with host cell receptors on the surface [11]. The
concept of nanomimics is shown in Figure 4.

In Figure 4, an infected red blood cell undergoes various stages of the life cycle of
the malaria parasite, mature schizonts rupture to release merozoites (light-blue)
which are bound by nanomimics (nanoscaled polymer vesicles) preventing them from
further invading normal red blood cells trapping them within the blood which exposes
them to the immune system of the host.

Usually, the malaria parasites destroy their host cell after 48 h and then infect new
red blood cells. At this stage they have to bind to specific cell receptors. Nanomimics
as a result of their size and composition bind egressing parasites thus blocking the
invasion of new cells [11]. The parasites are no longer able to invade cells and are
consequently exposed to the host immune system, which kills them. Nanomimics
exhibit a dual action; a therapeutic-like and vaccine-like effects. By preventing further
invasion of red blood cells, it stops the progression of the disease (therapeutic-like
action) and by exposing the bound merozoites to the host immune system for
destruction (vaccine-like action) [12]. The intelligence of this strategy is that there is
no payload (drug), malaria parasites are not exposed to any payload (exposure is key
for resistance development). Non exposure of malaria parasites to drugs using this
strategy could bring back exposure-caused, resistance-retired antimalarial drugs like
chloroquine, SP, etc. as frontline antimalarial drugs [13]. This strategy is potentially
resistance-proof and should be explored for possible translation into products for
clinical trials.

5.3 Targeted drug delivery

This is one approach that inhibits resistance development by ensuring that ade-
quate concentration of the antimalarial drug is delivered at the desired site of action
ensuring rapid clearance of the parasite. The majority of antimalarial drugs under

Figure 4.
Polymer-based RBC membrane nanomimics (source: Self-drawn with www.biorender.com).
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development are lipophilic with poor plasma solubility and large biodistribution vol-
umes which ultimately results in low accumulation in RBCs [9, 10]. This buttresses
the need for targeted drug delivery to deliver optimum concentrations of drug
within RBCs.

Targeted drug delivery using antibodies is a promising strategy that could be
harnessed to combat resistant malaria. Antibodies have successfully been used to
target pRBCs [14]. Antibody-targeted liposomes having on their surface F abð Þ2 frag-
ments of mouse monoclonal antibody raised against P. berghei-infected mouse eryth-
rocytes significantly increased the therapeutic efficacy of chloroquine implying that
target-specific liposomes can cure CQ-resistant malarial infections [15]. A tenfold
increase in the therapeutic effect of CQ was observed when delivered in liposomes
covalently functionalized with oriented, specific half antibodies against P. falciparum
late form-infected RBCs [14]. Antibody-functionalized liposomes can discriminate
pRBCs from non-infected RBCs specifically delivering antimalarial drugs to pRBCs in
sufficient concentration to clear parasitaemia, however their use as targeting molecule
in antimalarial therapy is limited by their high cost of production [16], high immuno-
genicity and the potential decrease in targeting efficiency due to variability in plas-
modium protein expressed on the surface of pRBCs [17].

An interesting alternative to antibody-mediated targeted delivery is the use of cer-
tain glycosaminoglycans like heparin, heparan sulphate and chondroitin sulphate [18],
which are found in the human body and are being recognized as one of the main pRBC-
binding molecules [17]. Heparin bound to liposomes has a dual action as a pRBC-
targeting molecule acts mainly on trophozoites of some pfEMP1-expressing lines [19]
and on schizont stages [20] and as an antimalarial drug (Nanomimic polymer con-
structs) blocks the merozoites from invading red blood cells [21]. Heparin is cheaper
than monoclonal antibodies resulting in heparin-bound liposomes having ten times less
cost than immunoliposomes of similar targeting activity [18]. In addition, resistance to
heparin as antimalarial drug have not been reported [21]. Heparin when covalently
bound to liposomes has substantially reduced anticoagulant activity [18]. Heparin
maybe limited in its application as a targeting ligand as a result of its anticoagulant
actions but when used at non-anticoagulant concentration, it increased the efficacy of
encapsulated primaquine threefold in in vitro P. falciparum cultures [18]. Heparin
when compared with immunoliposomes for targeted drug delivery is cheaper, has
lower or no immunogenicity and may potentiate the effect of the payload when used
at non-anticoagulant concentrations. Heparin-related polysaccharides such as heparan
sulphate, chondroitin sulphate can be used as targeting moieties, in comparison with
heparin have much lower anticoagulant action [18].

5.4 Triple artemisinin-based combination therapy (TACT)

This is a combination of an artemisinin with two partner drugs as against the
conventional one partner drug. This strategy is being proposed (in the face of the
growing threat of artemisinin-resistant P.falciparum malaria which is causing
delayed parasite clearance by ACTs) as a measure to tackle to artemisinin-resistant
P. falciparummalaria. The result of a multicentre, open-label, randomized clinical trial
of triple artemisinin-based combination therapy versus artemisinin-based combina-
tion therapy conducted in the GMS showed overall that 42-day Polymerase Chain
Reaction (PCR) corrected efficacy of dihydroartemisinin-piperaquine plus meflo-
quine (97%; 95% CI 93–99) was higher than for dihydroartemisinin-piperaquine
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(60%; 52–67) with a risk difference of 37%, 29–45; p<0.0001 [22]. There was no
difference in efficacy between Artemether-Lumefantrine plus amodiaquine and
Artemether-Lumefantrine-treated groups suggesting no relative advantage of having
a triple combination of Artemether-Lumefantrine in treating resistant P.falciparum
malaria [22]. Parasite half-lives in patients with Pfkelch 13 C580Y mutated infections
were shorter in those treated with dihydroartemisinin-piperaquine plus mefloquine
[mean = 6.93, SD = 1.77] than those treated with dihydroartemisinin-piperaquine
[7.39 h (1.46); p = 0.019] [22]. This suggests albeit strongly that dihydroartemisinin-
piperaquine plus mefloquine as a promising TACT candidate against artemisinin-
resistant P. falciparum malaria. Extensive clinical trials involving TACTs has to be
done to really establish and justify a possible switch from ACTs to TACTs.

5.5 Drug development

There are promising drug candidates which are at various product development
stages in researches conducted by some of the global pharmaceutical companies and
some Research Institutions (Universities) or partnerships between the two resulting in
drugs licensed for use with market authorization (refer to Table 1). The drug
tafenoquine was recently licensed for radical cure of P. vivax malaria [23]. Medicines
for Malaria Ventures (MMV) is at the forefront n novel drug discovery and develop-
ment research.

6. Future perspectives

The way of the future is that of malaria eradication. The strategy to drive this
should be anchored on the development of novel, smart, resistance-proof,
antimalarial nanoformulations that with a single exposure lead to cure and prophy-
laxis (transmission-blocking ability). To this end, the application of nanotechnology
in combating drug resistance in plasmodium species holds a lot of promises. Future
strategies should target delivering antimalarial drugs via non-receptor-mediated
pathways which are not under the genetic control of the parasite [24]. To this end,
liposomal delivery holds a lot in stock since liposomes deliver drugs to their intracel-
lular targets by fusing with the parasite’s cell membrane. This technique can be used to
deliver drugs whose resistance mechanisms are receptor-mediated e.g. chloroquine
[25]. The parasite is less likely to modify the chemical composition of its cell mem-
brane as that may affect its survival in terms of nutrient acquisition from its host.
Future research should target what would be called a “Starving Strategy” whereby the
parasite is starved of its nutrient supply from the red blood cell by developing Plas-
modium surface anion channel blockers whose channel-blocking ability is by
nanoadhesion - a phenomenon where nanocarriers block the nutrient pore channels
by forming strong bonds with the negatively charged nutrient channels.

Nanomimics development and optimization is another smart move in beating
the resistance trap of the parasite and should be explored [12]. Nanocarriers such
as dendrimers present diverse opportunities of formulating combination drug
products with novel mechanism of action that with a single exposure may possibly
eradicate the parasite. Discovery and development of host-derived factors with
therapeutic activity against the parasite are possible research options that will
eradicate the parasite since the host-derived factors are not under the genetic control
of the parasite.
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In all, nano-smart delivery of antimalarial drugs is the key to tackling and
preventing resistance development in plasmodium species bringing global efforts
steps closer to the actualization of the WHO ideal goal of malaria eradication by 2030.

7. Conclusion

This chapter introduced malaria and Antimalarial Drug Resistance (ADR), its
impact on global health, therapeutic interventions and their resistance by the malaria
parasite. The mechanisms of resistance development by the parasite and factors caus-
ing it were discussed in detail. Armed with the knowledge of the foregoing, measures
including nanotechnological approaches to combat the resistance trap of the parasite
and their limitations were looked at and also the future perspectives in the fight
against drug resistance by P. falciparum. It is envisaged that application of nanotech-
nology tools to develop antimalarial nanomedicines would help bring back antimalar-
ial drugs that have been retired because of resistance of malaria parasites to these
drugs and possibly lead to the development of novel, smart, resistance-proof formu-
lations that will eliminate and possibly eradicate malaria globally.
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Chapter 11

Purine and Pyrimidine Pathways as 
Antimalarial Targets
Yacoba V. T. Minnow and Vern L. Schramm

Abstract

Malaria continues to plague the endemic regions of sub-Saharan Africa and 
Southeast Asia. With the current development of artemisinin resistance and a risk of 
failure of the current first line therapies, there is a growing need for novel antimalari-
als. Purine and pyrimidine metabolism in Plasmodium is distinctly different from 
the human host, making these pathways valid targets for the development of novel 
antimalarials. Targeting key enzymes in these pathways with transition state analogs 
has provided high affinity inhibitors. Transition state mimicry can also provide 
selectivity for the parasite enzymes over the homologous enzymes of the human 
host. Resistance of Plasmodium parasites to current antimalarials will be compared to 
resistance development induced by transition state analogs inhibitors, a feature that 
may contribute to decreased resistance development. Tight binding and specificity 
of transition state analog inhibitors provide important features for novel antimalaria 
therapy with low toxicity and prevention of antibiotic resistance.

Keywords: purine salvage, pyrimidines, antimalarials, transition state analog 
inhibitors, resistance

1. Introduction

Malaria remains the leading cause of mortality in the endemic regions of Sub-
Saharan Africa and Southeast Asia. The WHO estimates that in 2020, there were 241 
million malaria cases globally with 627,000 associated deaths, an increase from years 
prior [1, 2]. Additionally, although progress continues to be made in some regions, 
such as Southeast Asia reporting a 78% reduction in malaria cases, Sub-Saharan 
Africa accounts for more than 90% of the global malaria incidence. Children 5 years 
and younger are highly susceptible to malaria with a 77% mortality rate [1, 3, 4].

Malaria is caused by the apicomplexan parasite, Plasmodium sp. The five main 
species able to cause disease in humans are Plasmodium falciparum, Plasmodium 
vivax, Plasmodium ovale, Plasmodium knowlesi and Plasmodium malariae. Plasmodium 
falciparum (P. falciparum) is the most prevalent and the most lethal of these [5]. 
Malaria infection is established when an infected female anopheles mosquito takes 
a blood meal from humans and introduces sporozoites into the bloodstream which 
invade human liver hepatocytes. The sporozoites replicate in the hepatocytes for 
5–8 days and can generate thousands of merozoites which are released to infect the 
erythrocytes [6, 7]. Asexual replication occurs in the erythrocytes where parasites 
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undergo several nuclear divisions and generate between 6 and 30 daughter merozoites 
per infected erythrocyte [6]. Symptomatic malaria is characterized by the sustained 
parasitization and destruction of red blood cells as well as the host immune responses. 
Thus, drug development efforts are directed toward the intra-erythrocytic asexual 
stage of the parasite.

Over the centuries-long battle with malaria, treatment has been developed from 
both natural product and chemical synthetic sources. Quinine, originally isolated 
from the bark of the cinchona tree, gave way to its synthetic counterparts, chloro-
quine, amodiaquine, and mefloquine, among others [8, 9]. Likewise, artemisinin 
was isolated from the Chinese herb, Artemisia annua (Qinghao), and gave way to 
the synthetic artemisinin derivatives now used in the first line malaria treatment, 
artemisinin-based combination therapy (ACT) [10]. However, resistance to these 
antimalaria treatments, have slowed global efforts toward the eradication of malaria 
[11–15]. Resistance development has led to increased efforts to identify novel antima-
larials, including the recent development of the RTS,S malaria vaccine, providing a 
potential positive outlook for malaria control [16, 17]. New drug development efforts 
for malaria must identify novel targets, their mechanisms of action, and must be well 
tolerated with minimal side effects. Short treatment periods are essential to promote 
compliance and to minimize resistance development.

Transition state mimicry is a promising approach to malaria drug discovery. The 
technique utilizes features of transition state structure of essential target enzymes 
to produce tight binding and highly selective analogs [18]. Transition state analogs 
(TSAs) against the purine and pyrimidine pathway enzymes of P. falciparum have 
resulted in inhibitor molecules with the potential for new antimalarial combination 
therapies.

Rapid nucleic acid synthesis during intra-erythrocytic parasitic growth makes 
purine and pyrimidine synthesis in Plasmodium parasites an important target for novel 
drug development. Although both host and parasite share some enzymes in these 
pathways, key differences allow for Plasmodium-specific and selective molecules.

2. Purine metabolism

Plasmodium parasites are purine auxotrophs as they do not express the enzymes 
necessary to perform de novo purine synthesis [19, 20]. Substantial new DNA and 
RNA synthesis occurs during the asexual cycle of Plasmodium, requiring large 
amounts of purine and pyrimidine nucleotide precursors and the energetic contribu-
tion from ATP. Parasites therefore rely completely on the host erythrocytes for the 
salvage of purine nucleosides and nucleobases for the synthesis of adenylate and 
guanylate compounds. Hence the parasite genome contains highly expressed genes 
corresponding to purine transporters and purine salvage enzymes [21]. Human 
erythrocytes contain high (millimolar) concentrations of adenylate nucleotides, 
but Plasmodium parasites have no kinase to phosphorylate adenosine molecules or 
ribosyltransferases to salvage adenine from the host. Therefore, purine salvage in 
Plasmodium requires ATP catabolism, through hypoxanthine formation, by essential 
enzymes making up the purine salvage pathway (Figure 1) [22]. The central concept 
in targeting purine salvage pathways for Plasmodium involves prevention of hypoxan-
thine and inosine formation in both erythrocytes and parasites and/or prevention of 
hypoxanthine or inosine conversion to purine nucleotides in the parasites.

Purine precursors formed in erythrocytes must gain entry to the parasite for 
conversion to nucleotides. Pathways proposed to facilitate the uptake of purine 
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nucleosides and nucleobases across the parasite membrane include; (1) saturable 
or facilitated transport of adenosine, (2) non-saturable, channel like transport and 
(3) the tubovesicular membranes induced by parasitization of the host erythrocytes 
[23, 24]. A major path for purine uptake is known to be the equilibrative nucleoside 
transporters (ENTs) that promote nucleoside and nucleobase transport into the 
parasite. Four classes of ENTs have been identified in Plasmodium falciparum and 
Plasmodium vivax (PfENT 1-4, PvENT 1-4) [24–28]. Inhibitors designed against 
PfENT1 prevent the uptake of purines and inhibit the growth of parasites in culture 
[29, 30]. The essentiality of the purine salvage pathway to the survival of Plasmodium 
parasites, makes targeting the component enzymes attractive for novel antimalarial 
therapies. These include adenosine deaminase (ADA), purine nucleoside phos-
phorylase (PNP) and hypoxanthine-guanine-xanthine phosphoribosyltransferase 
(HGXPRT). Antimalarial validation of these targets has been confirmed by potent 
inhibitors that cause purine starvation and death of the parasites.

2.1 Adenosine deaminase (ADA, EC 3.5.4.4)

Plasmodium falciparum ADA (PfADA) catalyzes the  zinc-dependent irreversible 
deamination of adenosine and deoxyadenosine to form inosine and deoxyino-
sine. PfADA can also catalyze the hydrolysis of 5′-methylthioadenosine (MTA) to 
5′-methylthioinosine (MTI), a reaction that is distinctly absent from the mammalian 
ADA [31]. MTA is a product of the polyamine biosynthetic pathway, establishing that 
polyamine synthesis also plays a role in the purine salvage pathways for Plasmodium 
parasites. Parasites must metabolize MTA to prevent feedback inhibition of the poly-
amine biosynthetic pathway. Polyamine synthesis is also critical to the parasites since 
they cannot salvage polyamines from the host erythrocytes [see below]. Coformycin 
and 2′-deoxycoformycin are transition state or intermediate-like powerful inhibitors 

Figure 1. 
Purine salvage pathway in P. falciparum and human erythrocytes. In P. falciparum, but not in humans, there is a 
link to the polyamine pathway via MTA.
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of ADA. They were originally identified as natural products and inhibit both human 
and parasite enzymes with picomolar affinities (Figure 2) [32]. 2′-Deoxycoformycin 
(Pentostatin) is an FDA-approved treatment for hairy cell leukemia, where the 
accumulation of adenosine or 2′-deoxyadenosine, leads to an unbalanced nucleotide 
pool, initiating apoptosis in B and T cells [32]. Unfortunately, there is insignificant 
inhibition of Plasmodium parasite growth by these inhibitors.

The dual specificity of PfADAs serves to guide the synthesis of novel PfADA 
inhibitors with a high degree of selectivity for the parasite enzyme. In addition, 
the transition state structures of PfADA and human ADA (HsADA) are similar but 
distinct, with PfADA displaying an early transition state and a more intermediate-like 
transition state for HsADA, corresponding to their distinct catalytic turnover num-
bers (kcat) (Figure 3). These differences are reflected by the state of protonation at 
N1 of the purine ring and the N1-H bond distances. The differences permit the design 
and synthesis of Plasmodium-specific transition state analogs [33]. Earlier work 

Figure 2. 
Transition state analogs of HsADA and PfADA. The 5′-functionalized inhibitors provide improved selectivity for 
the parasite enzyme over the human enzyme. 5′-methylthio inhibitors are more potent thant the 5′-propylthio and 
5′-phenylthio inhibitors.
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reported the synthesis of 5′-methythiolcoformycin (MT-coformycin), a sub nanomolar 
(Ki* = 0.43 nM) transition state analog inhibitor of plasmodium ADA with over a 
20,000-fold selectivity over the human ADA. Other functionalized 5′- and 2′-deoxy-
coformycin molecules also retained selectivity for the Plasmodium enzyme  
(Figure 2) [31, 32]. MT-coformycin and coformycin inhibited the growth of plas-
modium parasites in culture when MTA is used as the sole purine source, clearly 
demonstrating the deaminase as an essential step in conversion of MTA toward 
hypoxanthine [31, 34]. This effect is not observed when adenosine or MTI is used as 
a purine source, demonstrating that an intact polyamine pathway is not required for 
purine salvage in Plasmodium species. The high degree of selectivity of the 5′-func-
tionalized coformycins demonstrates the importance of utilizing substrate specificity 
and transition state analysis to design target-selective inhibitors.

2.2 Purine nucleoside phosphorylase (PNP, EC 2.4.2.1)

The enzyme responsible for forming purine bases from nucleosides in the 
purine salvage pathway is PNP, catalyzing the reversible phosphorolysis of inosine 
to hypoxanthine and ribose 1-phosphate [35]. Plasmodium PNP substrate specific-
ity includes MTI, to generate hypoxanthine and 5-methylthioribose 1-phosphate 
[36]. MTI appears to be a parasite specific metabolite and has not been identified in 
mammalian pathways [37]. Hypoxanthine serves as a key precursor to nucleotide 
synthesis; therefore, the parasite adopts multiple pathways to generate hypoxanthine. 
PNP also converts guanosine and 2′-deoxyguanosine to form guanine and (2-deoxy) 
ribose 1-phosphate (Figure 1). PNP displays specificity for 6-oxopurines with adenine 
containing purine rings having no effect as substrates or inhibitors [31].

Plasmodium falciparum PNP (PfPNP) and human PNP (HsPNP) have dis-
tinct structures and catalytic sites and share only ~20% sequence similarity [38]. 
Structurally, PfPNP is more similar to PNP from bacterial sources and is homohexa-
meric, displaying a trimer of dimer structure, while HsPNP like other mammalian 
PNP is trimeric (Figure 4). Like PfADA, PfPNP displays a broad substrate specificity 
that includes 6-oxopurine nucleosides and 5′-methylthio 6-oxopurine nucleosides as 
substrates. These differences form the basis for generation of species-specific inhibi-
tors with discrimination for the Plasmodium enzyme.

The transition state structures of PfPNP and HsPNP, reveal similar catalytic mecha-
nisms involving the formation of an oxocarbenium ion at the transition state (Figure 5). 
However, the two catalytic site interactions differ in the hydrogen bond and van der 
Waals interactions formed with the leaving group. The result is a more constrained 
active site environment at the transition state for PfPNP than for HsPNP [39]. The 

Figure 3. 
Reaction scheme and transition state structure of ADA.
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Immucillin-H (ImmH) transition state analog was designed to resemble the transition 
state structure of bovine PNP and inhibits that enzyme with a Ki* of 23 pM. Although 
there are distinct differences between the transition state structures of HsPNP, PfPNP 
and bovine PNP, ImmH is a potent inhibitor of all three enzymes, with HsPNP Ki* = 56 
pM and PfPNP Ki* = 600 pM [40, 41]. DADMe-ImmH and DADMe-ImmG were 
developed as second generation PNP inhibitors designed to mimic the fully dissocia-
tive transition state, and thereby more closely resemble the transition state structures 
of HsPNP and PfPNP [42]. The introduction of a methylene bridge increases the bond 
distance between the 9-deazahypoxanthine (DADMe-ImmH) or the 9-deazaguanine 
(DADMe-ImmG) and the riboxocarbenium mimic. Additionally, the 9-deazapurine 
scaffold increases the pKa to permit protonation at N7 and the cation at N1′ mimics the 
cationic charge at this position of the transition state to more closely mimic the transi-
tion state. These features of the transition state translate to an improvement in the 
dissociation constant for HsPNP from 56 pM for ImmH to 16 pM for DADMe-ImmH 
and to 2 pM for DADMe-ImmG. Transition state analogs bind tightly to their cognate 
enzymes by converting the catalytic potential into thermodynamic binding. The kcat 
for HsPNP is approximately 50 times greater than for PfPNP, and this is reflected in the 
affinity of the inhibitors for the two enzyme species. Thus, the dissociation constant 
(Ki*, the Kd after slow onset inhibition) for PfPNP is 500 pM for DADMe-ImmH and is 
670 pM for DADMe-ImmG, reflecting its lower catalytic potential [42–44].

Inhibition of both HsPNP and PfPNP is required to cause a purine-less death of 
Plasmodium falciparum parasites in culture, as formation of hypoxanthine in eryth-
rocytes or in the parasite will meet the needs for purine base salvage. In cell cultures, 
HsPNP inhibition occurs at low concentrations of PNP inhibitors with inhibition of 
PfPNP occurring at higher concentrations. Inhibition of both PNPs is thus required 
for the antiparasitic effects of the immucillins, with the IC50 values corresponding 
to the molar concentration of PNP present [45, 46]. The purine-less death induced 
by PNP inhibitors targets hypoxanthine production. Confirmation of hypoxanthine 
starvation as the mechanism of action, and the lack of other targets from this therapy, 
comes from the full restoration of parasite growth when hypoxanthine is added to 
culture media [45].

Figure 4. 
A, Homohexameric structure of PfPNP displaying a trimer of dimer conformation (1NW4). B, trimeric 
structure of HsPNP (1PF7).
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The genetic deficiency of HsPNP is known to cause a T cell immune deficiency by 
causing accumulation of 2′-deoxyguanosine (dGuo), a metabolite completely depen-
dent on HsPNP for its recycling. Without HsPNP, activated T cells transport dGuo 
and convert it to dGTP which can reach toxic levels for DNA polymerase. In humans, 
activated T cells are therefore sensitive to the loss of HsPNP function with no effect 
observed in naive T cells, B cells, and other mammalian cells [47, 48]. The selective toxic 
effects of HsPNP inhibition in human T cells is slow to develop, taking a year or more 
to be symptomatic in newborns. The more rapid effect in Plasmodium suggests that 
inhibiting both human and parasite PNPs for antimalaria therapy will have minimal 
side effects. Furthermore, oral administration of DADMe-ImmG clears Plasmodium fal-
ciparum parasites from infected Aotus monkeys [49]. Although not yet tested in clinical 
trials for malaria, the companion compound, DADMe-ImmH, is also a powerful inhibi-
tor of both Hs- and PfPNPs and has been in extensive phase 2 clinical trials for gout 
[50]. PNP inhibitors as an antimalarial therapy block hypoxanthine formation in both 
erythrocytes and parasites. Human blood hypoxanthine is present at approximately 
1 μM, while Aotus blood was found to have approximately 40 μM hypoxanthine [49]. 
Therefore, PNP inhibition as an antimalarial therapy is expected to be a more effective 
in humans than in the Aotus test animal where several days of oral drug therapy were 
required to clear the parasites [49]. This hypothesis remains to be tested.

Other selective inhibitors remain an attractive option when developing novel 
antimalarial therapeutics. Therefore, using the dual specificity of PfPNP for MTI, the 
transition state analog, 5′-methylthio-immucillin-H (MT-ImmH) was synthesized 
[46]. MT-ImmH has a 100-fold specificity for PfPNP over HsPNP, underscoring 
the importance of exploring transition state chemistry and substrate specificity to 
develop selective inhibitors (Figure 5) [46].

Figure 5. 
Reaction scheme and transition state structure of PNP (upper panel). Lower panel; transition state analogs 
of PNP with dissociation constants for HsPNP and PfPNP. Methylthio-Immucillin-H provides over 100-fold 
selectivity for the parasite enyzyme.
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2.3  Hypoxanthine-guanine-xanthine phosphoribosyltransferase (HGXPRT, EC 
2.4.2.8, EC 2.4.2.22)

Hypoxanthine is the essential purine precursor for Plasmodium and HGXPRT 
is an essential enzyme in the Plasmodium purine salvage pathway, as the only 
enzyme to incorporate hypoxanthine into the parasite nucleotide pool. HGXPRT 
catalyzes the phosphoribosylation of hypoxanthine, guanine, and xanthine using 
5-phosphoribosyl-α-D-1-pyrophosphate (PRPP) to generate inosine 5′-monophos-
phate (IMP), guanosine 5′-monophosphate (GMP) and xanthine 5′-monophosphate 
(XMP) respectively [51]. Pyrophosphate (PPi) is generated as the second product 
of the reaction (Figure 6). IMP serves as the precursor for the synthesis of both 
adenine and guanine-based nucleotides. The single distinction in substrate specificity 
between the Plasmodium HGXPRT (PfHGPRT) and the human HGPRT (HsHGPRT) 
is the inability of the human homolog to use xanthine as a substrate [52]. Xanthine 
in humans is converted to uric acid by xanthine oxidase and is the terminal end of 
purine metabolism, followed by its excretion into the urine [53, 54].

PfHGXPRT has been identified as the most highly expressed purine salvage 
enzyme in P. falciparum and has been reported to have the highest activity compared 
to other enzymes of purine salvage identified by Reyes and coworkers [55]. Parasites 
may have evolved to use hypoxanthine as a key nucleotide precursor because it is the 
end-product of purine catabolism in human erythrocytes, with subsequent oxidation 
to uric acid occurring in other tissues. The high amounts of intracellular phosphates 
in erythrocytes favors the activity of PNP to produce hypoxanthine [55, 56]. Since its 
identification, PfHGXPRT has been the most targeted enzyme for purine salvage in 
P. falciparum. Detailed kinetic and structural analyses have led to the design of many 
inhibitors of PfHGXPRT activity. Challenges in targeting PfHGXPRT include its 
similarities to HsHGPRT and the need for the anionic phosphate group, making cell 
access a problem [57–60].

PfHGXPRT and HsHGPRT share 76% sequence similarity and 44% sequence 
identity [61]. Active site residues in contact with substrates and inhibitors are con-
served (Figure 7). Purine nucleoside analogs and transition state analogs have been 
investigated and many prove to be good inhibitors of both PfHGXPRT and HsHGPRT. 

Figure 6. 
Reaction scheme for HG(X)PRT. PfHGXPRT has a unique substrate specificity for xanthine. HsHGPRT does not.



195

Purine and Pyrimidine Pathways as Antimalarial Targets
DOI: http://dx.doi.org/10.5772/intechopen.106468

Acyclic nucleoside phosphonates (ANPs) however provide the greatest selectivity 
for the Plasmodium enzyme compared to phosphate-based compounds (Figure 8) 
[62, 63]. Crystal structures of HsHGPRT in complex with ANP and free PfHGXPRT 
suggest that the increased in selectivity when the phosphate groups are replaced with 
phosphonates is attributed to tighter hydrogen bonding around the phosphonate 
group and flexibility of the 6-oxo binding pocket [60].

TSAs are the tightest binding HG(X)PRT inhibitors reported to date. Although 
the first-generation transition state analogs, immucillin-G phosphate (ImmGP) and 
immucillin-H phosphate (ImmHP) were designed based on the proposed similarity of 
the transition state structure to other phosphoribosyltransferases, they bind potently 
but without discrimination for parasite or human HG(X)PRT (Figure 8) [41] and are 
subject to host enzymatic degradation by phosphomonoesterases. Structural analysis 
of TSAs bound to both HsHGPRT and PfHGXPRT as well as downfield proton chemi-
cal shift differences observed by NMR of bound inhibitors suggested that selectivity 
for PfHGXPRT may be achieved by substituting TSAs with electron-withdrawing or 
electron-donating groups to alter hydrogen-bonding distances [41]. Recently, the tran-
sition state structure of PfHGXPRT has been solved and provides detailed information 
on bond distances in the transition state [61]. With this knowledge, serinol-based mim-
ics of the riboxocarbenium with a methylene bridge linking the oxocarbenium mimic 
to the 9-deazapurine ring were designed to mimic the bond distances in the transition 
state structure and synthesized. These compounds have proven to be the tightest and 
most selective inhibitors of PfHGXPRT, with Ki* values as low as 650 pM and selectivity 
indices for PfHGXPRT greater than 500-fold relative to HsHGXPRT [64, 65].

HGXPRT TSAs are phosphate or phosphonate-based compounds with a net 
negative charge at physiological pH, making them impermeable to cell membranes. 
Prodrug approaches are therefore required for their biological activity. Prodrugs of 
PfHGXPRT inhibitors involve ANPs with intramolecular esters in the form of lyso-
phospholipid prodrugs, designed to be activated by intracellular phospholipase C, 

Figure 7. 
Two-dimensional ligand interaction map showing A, Immucillin-G phosphate bound to HsHGPRT (1BZY) and 
B, Immucillin-H phosphate bound PfHGXPRT (1CJB). Active side residues that make contact with inhibitors are 
similar in both enzymes.
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or phosphoramidate prodrugs with a multistep activation mechanism [66]. Prodrug 
approaches have been validated in several FDA-approved nucleoside antiviral drugs 
[67]. The prodrug approaches improve the biological activities of TSAs of PfHGXPRT 
to give anti-parasite IC50 values in the micromolar range (2–7 μM) against P. falci-
parum parasites cultured in human blood (Figure 8) [65]. With a Ki* of 650 pM, 
disparity between the Ki* for the enzyme and the micromolar IC50 values of lyso-
phospholipid prodrugs suggests that more efficient prodrug approaches are needed 
to fully capture the tight-binding capabilities of TSAs intracellularly. PfHGXPRT is a 
challenging target because of the multiple cellular and membrane barriers between an 
oral drug and the intracellular parasites. However, similar challenges have been over-
come for antivirals and they provide a lesson for prodrug approaches. In summary, 
PfHGXPRT is a challenging but valid target for the development of novel antimalari-
als and TSAs currently provide the most promising approach.

2.4 Downstream enzymes of purine salvage

Given how essential purine salvage is to the survival of Plasmodium parasites, it 
is remarkable that the pathway evolved to rely on only three major enzymes, ADA, 
PNP and HGXPRT, based on the genome interpretation and protein expression levels 

Figure 8. 
First generation and second generation transtion state analogs for HG(X)PRT. Dissociation constants for 
HsHGPRT and PfHGXPRT are shown for each inhibitor. The second generation analogs provide greater selectivity 
for the PfHGXPRT. Lysophospholipid prodrug with biological activity against P. falciparum parasites in culture 
shown in lower panel.
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in the parasites [55]. As concentration of free guanine in human blood is very low, it 
is not feasible for Plasmodium spp. to synthesize guanosine monophosphate (GMP) 
using HGXPRT [51]. Two enzymes downstream of HGXPRT, inosine 5′-monophos-
phate dehydrogenase (IMPDH) and GMP synthetase (GMPS) work sequentially to 
synthesize GMP (Figure 1) [68]. These two enzymes control GMP synthesis in most 
organisms [69]. IMPDH catalyzes the NAD+ dependent reaction that coverts IMP 
to xanthine monophosphate (XMP) and NADH [70]. GMPS is composed of two 
domains, an ATP pyrophosphatase domain and a glutamine amidotransferase (GAT) 
domain [68, 71]. By this mechanism, GMPS catalyzes the ATP-dependent irreversible 
amination of XMP on carbon 2 to form GMP. Inhibitors of both IMPDH and GMPS 
have been shown to have antimalaria properties and have been the subject of recent 
drug development [21, 68].

Mycophenolic acid is an IMPDH inhibitor and inhibits P. falciparum parasites in 
culture with an IC50 of about 5 μM [21, 72, 73]. Bredinin is an inhibitor that has been 
shown to inhibit both IMPDH and GMPS [68, 74] and suggest that both IMPDH and 
GMPS are targets to explore for novel antimalarials. Although the IMP to GMP path-
way involves phosphorylated intermediates, both mycophenolic acid and bredinin are 
non-phosphorylated natural products (or derivatives) that provide orally available 
access to tissues. Both mycophenolic acid and bredinin are used in immune suppres-
sion, and they have not been useful as antimalarials.

2.5 Purine salvage and polyamine synthesis

Polyamines are synthesized by the transfer of propyl amino groups from 
 decarboxylated S-adenosylmethionine to putrescine to form spermidine (one 
transfer) and spermine (two transfers) [75]. MTA is the product of each transfer in 
the polyamine biosynthetic pathway. MTA is also a substrate for PfADA, whereby 
it is deaminated to methylthioinosine. These steps provide a path for this abundant 
product of the polyamine pathway to be channeled into the into the purine salvage 
pathway [76]. Polyamines are present at high amounts in the intraerythrocytic 
stages of Plasmodium spp., which can perform both de novo synthesis and salvage of 
polyamines [76, 77]. Given that parasites can only perform salvage of purines, the 
valuable purines used in the polyamine pathway are economically recycled. MTA is 
converted by the action of PfADA to produce MTI. MTI is a substrate for PfPNP to 
form hypoxanthine and methylthioribose 1-phosphate. MTI is not found in human 
metabolism and recent studies have suggested that MTI production by Plasmodium 
falciparum in infected humans leads to activation of human Toll-like receptor 8 
(TLR8), a signal for the stimulation of host innate immunity [37]. This connection 
provides an interesting link to the potential use of PfPNP inhibitors as a potential 
therapeutic in human malaria. MTI is removed from P. falciparum metabolism 
exclusively by PfPNP as HsPNP does not use MTI as substrate. Therefore, inhibition 
of purine salvage via PfPNP will increase MTI, increase signaling from TLR8 and have 
an immune stimulatory effect for the clearance of infected erythrocytes. Crosstalk 
between the polyamine pathway and purine salvage in Plasmodium parasites, together 
with the potential immunostimulatory effect of polyamine metabolites, underscores 
the importance of the polyamine pathway to purine salvage in Plasmodium parasites 
[37]. Inhibition of either the polyamine or the purine salvage pathways in Plasmodium 
parasites will be detrimental to parasites by; (1) purine starvation and death and (2) 
immune stimulation to promote clearance by host immune cells.
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3. Pyrimidine metabolism

Opposite to the purine requirements of Plasmodium falciparum, the parasites are 
incapable of pyrimidine salvage from host erythrocytes; and pyrimidine synthesis 
requires the de novo pathway. This requirement contrasts with host cells with path-
ways for de novo synthesis and salvage of pyrimidine nucleotides [78]. Pyrimidine 
synthesis occurs by the action of six sequential enzymes to produce uridine mono-
phosphate (UMP) as the primary product and a precursor to the other pyrimidine 
nucleotides (Figure 9) [79]. The enzymatic steps following UMP synthesis in P. 
falciparum are not well characterized, however, pyrimidine biosynthesis is linked to 
folate metabolism via the action of thymidylate synthetase (TS) [80]. Differences 
in the pathway between the human host and Plasmodium are important for selective 
targeting of Plasmodium parasites. In humans, the first three enzymes of the pyrimi-
dine biosynthetic pathway, carbamoylphosphate synthetase II (CPS II), aspartate 
transcarbamoylase (ATC) and dihydroorotase (DHO) are a single protein, multiple 
domains, multifunctional enzyme complex, the CAD complex. In Plasmodium, CPS 
II, ATC and DHO are encoded as distinct genes, produce independent proteins and 
are organized on different locations on chromosomes, Ch. 13 for CPS II and ATC, and 
Ch. 14 for DHO [78, 81].

CPS II and ATC in P. falciparum are poorly characterized despite the role of CPS 
II as a key regulator of the pathway [20, 82]. The most thoroughly characterized 
enzymes of Plasmodium pyrimidine biosynthesis are dihydroorotate dehydrogenase 
(DHODH) and orotate phosphoribosyltransferase (OPRT) [83]. The transition state 

Figure 9. 
De novo pyrimidine biosynthetic pathway. The pyrimidine biosynthetic pathway is conserved in Plasmodium and 
humans.
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structures of human (HsOPRT) and Plasmodium falciparum OPRT (PfOPRT) have 
previously been solved and transition state analog inhibitors of both HsOPRT and 
PfOPRT have been designed (detailed below).

3.1 DHODH (EC 1.3.5.2)

DHODH is the fourth enzyme in the pyrimidine biosynthetic pathway and 
is expressed as two isozymes. The isozyme expressed from chromosome 7 codes 
for a mitochondria-associated DHODH and chromosome 9 expresses a cytosolic 
DHODH, where the mitochondrial form is essential for Plasmodium growth [84]. 
DHODH catalyzes the formation of orotate from dihydroorotate, a rate-limiting step 
for pyrimidine biosynthesis. Plasmodium spp., like the human host, express a type 
II DHODH, localized in the inner membrane of the mitochondrion [84, 85]. The 
electron transport chain provides quinone for the redox activity of DHODH. Recent 
studies have highlighted PfDHODH as a potential antimalaria target, showing that 
inhibiting PfDHODH leads to parasite death in culture and animal models [85–87].

Selective inhibition of PfDHODH has been achieved with DSM265, a triazo-
lopyrimidine with a 4000-fold selectivity over mammalian DHODH. DSM265 has 
resulted in phase II clinical trials for the treatment of malaria, a first for any inhibitor 
of the parasite pyrimidine biosynthetic pathway. DSM265 inhibits both blood and 
liver stages of the malaria parasite with a biological efficacy similar to chloroquine 
in murine malaria models [87–89]. The pharmacokinetic analysis of DSM265 sup-
ported single dose therapy for use as a once weekly prophylactic [87]. Single dose 
administrations are considered important for patient compliance. Since the discovery 
of DSM265, DSM421, an improvement on DSM265 in terms of compound solubil-
ity, plasma stability and equal targeting of P. falciparum and P. vivax has also been 
reported in preclinical development [90]. Other studies have followed suit, using 
pharmacophore screening and structure-guided virtual studies to identify plasmo-
dium specific DHODH inhibitors with submicromolar IC50 values [91, 92].

Pyrimidine biosynthesis is coupled to the mitochondrial electron transport chain 
(ETC) by DHODH and its requirements of quinones for catalytic activity (Figure 9). 
This coupling results in indirect inhibition of DHODH by ETC inhibitors such as 
atovaquone, an approved antimalarial often used in combination with proguanil 
[93]. Although DHODH and the linked mitochondrial ETC were promising targets 
with extensive discovery and development programs providing powerful inhibitors, 
the rapid development of resistance in clinical trials has hindered their development 
toward approved drugs [94, 95].

3.2 OPRT (EC 2.4.2.10)

Reduction of dihydroorotate by DHODH produces orotic acid and the following 
step, catalyzed by PfOPRT, catalyzes the production of the nucleotide orotidine 
monophosphate (OMP) from orotate and PRPP. OMP is subsequently converted to 
UMP by OMP decarboxylase (OMPDC). Plasmodium and human OPRTs differ in the 
early steps of the pyrimidine biosynthetic pathway. Thus, human OPRT is fused to 
OMPDC to form the single protein, bifunctional enzyme called UMP synthase [96]. 
In Plasmodium, OPRT and OPMDC have been purified as monofunctional enzymes 
however, there are recent reports suggesting that OPRT and OPMDC may exist as 
a heterotetrameric enzyme in Plasmodium with the potential for hydrolysis into the 
single enzymes during purification [83, 97, 98]. Detailed kinetic characterizations of 
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both human and P. falciparum OPRTs (HsOPRT and PfOPRT respectively) have been 
reported and active site differences between the homologs have been characterized 
[83, 98].

The essential function of OPRT in pyrimidine biosynthesis and therefore for 
parasite proliferation has been demonstrated by the selective killing of cultured P. 
falciparum parasites by pyrazofurin, an inhibitor of OPRT with anti-parasite IC50 
values of 6–20 μM [21, 99]. Additionally, 5-fluororotate and 5-aminouracil have 
inhibitory activity against PfOPRT with IC50 values of 42 nM and 8 μM respectively 
[21]. 5-Fluororotate selectively targets P. falciparum parasites in culture with an IC50 
of 6 nM [100]. The mechanism of action is proposed to arise from an indirect effect 
of the toxic 5-fluorodeoxyuridylate metabolite on TS [101]. Plasmodium express TS 
as a single protein, multi-domain bifunctional enzyme with dihydrofolate reductase 
(DHFR) whereas TS exists as a monofunctional enzyme in mammals [21, 99, 100].

Transition state analysis of PfOPRT and HsOPRT reported an SN1 transition 
state with a partial dissociative orotate and riboxocarbenium ion character for both 
enzymes [102]. Despite differences in the enzyme organization, PfOPRT and HsOPRT 
possess similar transition state structures, where the ribocation is fully developed, 
the dianionic orotate is fully dissociated and there is weak participation of the pyro-
phosphate nucleophile (Figure 10) [102]. The transition state structures provided 
information for the design of several TSAs with nanomolar affinities for both HsOPRT 
and PfOPRT (Figure 10) [103]. Inhibition of HsOPRT might have potential utility 
for the treatment of autoimmune diseases and some malignant neoplastic diseases. 
However, no anti-parasitic activity was observed for any of the TSAs in cultured P. 
falciparum. The lack of activity was attributed to permeability barriers and target 

Figure 10. 
Upper panel: OPRT reaction scheme and transition state structure. The transition state structure is similar for 
PfOPRT and HsOPRT. It features a fully developed ribocation and a fully dissociated dianionic orotate with weak 
participation of the pyrophosphate. Lower panel: Transition state analogs synthesized and tested on PfOPRT and 
HsOPRT.
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access, but no permeability studies have been reported [103]. PfOPRT remains a 
viable antimalarial target requiring further studies to elucidate and develop species-
specific antimalarials.

3.3 OMPDC (EC 4.1.1.23)

The decarboxylation of OMP to form UMP is catalyzed by OMPDC, the sixth 
enzyme in the de novo pyrimidine biosynthetic pathway [78]. OMPDC has achieved 
catalytic notoriety as it has been considered the most proficient pure protein catalyst, 
giving a catalytic reaction rate enhancement of approximately 1017 [104, 105]. Unlike 
other decarboxylases, OMPDC requires no metal ions or cofactors for its catalytic 
activity [105]. Recent studies indicate that Plasmodium falciparum OMPDC may form 
a tight heterotetrameric complex with OPRT (PfOMPDC2-PfOPRT2) with properties 
distinct from the bifunctional human OPRT [106, 107]. Although both are expressed 
and encoded by two separate genes, unique amino acid insertions in both proteins 
not present in the homologous proteins of other organisms allow the formation of 
the heterotetrameric complex [98, 106]. Additional support comes from the kinetic 
characterization of fused P. falciparum OPMDC and OPRT, expressed in Escherichia 
coli, where the catalytic efficiency of the fused enzymes was enhanced several orders 
of magnitude relative to either enzyme acting as monofunctional proteins, leading the 
authors to call the fusion a ‘super’ enzyme [97].

Nucleoside 5′-monophosphate analogs, 6-azauridine 5′-monophosphate 
(AzaUMP), allopurinol-3-riboside 5′-monophosphate (allopurinol MP), pyrazo-
furin 5′-monophosphate (pyrazofuin MP), and xanthosine 5′-monophosphate 
(XMP) are potent inhibitors of both human and parasite OMPDCs (Figure 11) 
[108]. These display a strong preference for PfOMPDC, with selectivity ranging 
from 11 to 150-fold preference for the parasite enzyme [108]. The differential 
binding of XMP has been investigated by comparing X-ray crystal structures of 
both enzymes. Few differences in active site residues were observed and specificity 
may be as a result in hydrogen bonding differences between ligand and active site 
residues (Figure 12). Another reported difference is the βα5-loop present at the 
dimerization interface, which displays different conformations and amino acid 
substitutions in PfOMPDC compared to HsOMPDC and is postulated to cause 
different active site rearrangements around the pyrimidine binding region [108]. 
The phosphate binding loop is also larger in HsOMPDC than in PfOMPDC [108]. 
Repositioning of the loop is a proposed requirement to bind XMP as observed for 
XMP-bound Pyrococcus horikoshii OMPDC [108]. Interestingly, the phosphate loop 
is the same size and shape in P. horikoshii OMPDC and PfOMPDC, therefore, these 
enzymes may bind XMP similarly. XMP is a 150-fold more potent inhibitor of 
PfOMPDC than of HsOMPDC [108].

No crystal structures of inhibitor bound PfOMPDC are available to understand the 
basis for inhibitor selectivity. However, the high preference of inhibitors for parasite 
OMPDC compared to the human enzyme indicates the possibility of developing 
potent and selective antimalarials. Inhibition of OMPDC has focused on nucleotide 
analogs, where the 5′-phosphate is a significant contributor to binding. A substantial 
barrier to drug development for nucleotide inhibitors is the anionic charge, as phos-
phoryl anions are membrane impermeable and phosphomonoesters are susceptible 
to phosphomonoesterases. Prodrug approaches, now being used in antiviral therapy 
for the delivery of phosphate nucleosides may be useful in development of OMPDC 
inhibitors.
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Figure 11. 
Nucleoside 5′-analogs of OPMDC showing inhibitory constants for both PfOMPDC and HsOMPDC. Inhibitors 
are highly selective, 11–150-fold for PfOMPDC over HsOMPDC. Values are as reported in [108].

Figure 12. 
2-dimensional ligand interaction map of UMP bound A, PfOPMDC (6DSR) and B, HsOMPDC (2V30). 
Similar active site residues make contact with UMP.
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3.4 DHFR (EC 1.5.1.3) and TS (EC 2.1.1.45)

De novo purine synthesis in the host and pyrimidine synthesis in both host 
and parasites are dependent on folate metabolites for the donation of carbon 
units. The pyrimidine biosynthetic pathway is linked to folate metabolism by 
TS, which requires 5,10-methylene tetrahydrofolate as a methyl donor for its 
catalytic activity [109]. DHFR and TS are both targets for human cancers [110]. 
In Plasmodium falciparum, DHFR and TS are expressed as a single protein, 
two-domain bifunctional DHFR-TS enzyme system, catalyzing the synthesis 
of deoxythymidylate monophosphate (dTMP) from dUMP and the NADPH-
dependent reduction of dihydrofolate (DHF) to tetrahydrofolate (THF) [80]. The 
bifunctional coupling of adjacent steps in the pathway is proposed to cause “sub-
strate channeling”, an efficient utilization of folate production for the synthesis 
of purines, pyrimidines, and amino acids [111, 112]. Since malaria parasites are 
unable to salvage pyrimidines, if metabolites or cofactors required by the folate 
pathway are cut off, thymidine biosynthesis is blocked, and parasites die from 
pyrimidine starvation [20, 80]. Thus, DHFR has been a frequently-drugged 
target for antimalaria therapy.

Pyrimethamine (PYR) and proguanil (PG) are approved antimalaria therapeutics 
which selectively target PfDHFR by several hundred-fold compared to the human 
counterparts [20, 113]. Mutations in the DHFR gene conferring resistance to both 
PYR and PG have led to diminished clinical effectiveness as single therapeutics for 
malaria. However, the combination of pyrimethamine with sulfadoxine (SP), which 
blocks dihydropteroate synthase, a folate precursor, act synergistically in the treat-
ment of severe malaria [114]. Despite the prevalence of molecular mutations causing 
resistance to SP, WHO still recommends SP for intermittent preventative treatment 
for pregnant women and, often, in combination with amodiaquine, an inhibitor of 
Plasmodium heme polymerase, for seasonal malaria prevention [115]. PG is also used 
in combination with atovaquone, an inhibitor of the mitochondrion electron transfer 
chain, which also directly impacts pyrimidine biosynthesis because of its coupling to 
DHODH [116, 117].

Recent searches for additional inhibitors of DHFR-TS identified the antimicrobial 
triclosan to inhibit the proliferation of intraerythrocytic P. falciparum and is a 775 nM 
inhibitor of P. vivax DHFR. Triclosan displays a 20-fold selectivity for Plasmodium 
enzymes relative to human DHFR [118]. To preempt the development of resistance, 
Tarnchompoo and coworkers have developed hybrid inhibitors of DHFR with both 
flexible and rigid side chains that target both wild-type and multiple resistance P. 
falciparum [119]. Hybrid inhibitors include sub-nanomolar inhibitors of PfDHFR 
with 10-fold selectivity over HsDHFR [119]. Flexible cycloguanil analogs have been 
characterized that are low nanomolar inhibitors of multiple mutant PfDHFR [120]. 
Fragment-based screening approaches to inhibitor design have identified non-
pyrimidine scaffolds that inhibit PfDHFR-TS with IC50 in the range of 28–695 μM 
and are highly selective over HsDHFR [121]. This approach offers a new avenue to 
tackle antifolate resistance and develop new antifolate antimalarials, but remains in 
 development [121].

DHFR-TS is a validated target for antimalaria combination therapy by blocking 
synthesis of dTMP. The functional characteristics of DHFR-TS including its crystal 
structure and the structures of drug-resistant DHFR-TS allows for the identification 
and development of next-generation selective inhibitors of either catalytic domain 
that will address resistance to current antifolate drugs for malaria. New approaches 



Malaria - Recent Advances and New Perspectives

204

are being explored, including peptide-based antagonists of PfDHFR-TS in the quest 
for novel and potent antifolate/anti-pyrimidine drugs [122].

4. Transition state analogs and drug development

Transition state theory postulates that chemically stable mimics of the enzymatic 
transition state will bind tightly to the target [123, 124]. All chemical, including 
enzymatic reactions, proceed via a transition state, a transient high energy species 
that lies along the reaction coordinate between reactants and products [125, 126]. 
Transition states are the balance point of a catalytic reaction where bonds are partially 
broken or formed and the probability for product formation and return to reactants is 
equal. Enzymes have evolved to highly favor the transition state geometry, hence their 
very large rate enhancement factors, typically of 1010 to 1015, a very large decrease in 
the activation energy of the reaction [18]. Chemically stable mimics of the transition 
state bind to and stabilize this favored enzymatic transition state geometry, capture 
part of the transition state energy and bind very tightly [18, 127–129]. Therefore, 
transition state analysis provides a powerful tool to develop molecules with high 
inhibitory potential for their target enzymes. Kinetic isotope effects (KIE) remain 
the best approach to study enzymatic transition states and together with quantum 
computational chemistry, allows the construction of electrostatic potential maps that 
provide information on the transition state structure [18]. This information enables the 
design of transition state analogs that bind with high fidelity to their cognate enzymes, 
millions of times tighter than substrates. Transition state analogs are some of the tight-
est binding enzymatic inhibitors and have the propensity to bind their target enzymes 
with dissociation constants in the nanomolar to femtomolar range (10−9 to 10−15 M) 
[123, 125, 126]. A feature of transition state analogs is the ability to convert the enzyme 
potential for catalysis into binding energy, therefore the more catalytically efficient the 
enzyme, the tighter the potential for transition state analog binding [127].

The immucillins are chemically stable transition state analogs that mimic the 
ribocation transition state of N-ribosyltransferases, enzymes that include PfPNP and 
PfHGXPRT, both important in purine salvage in P. falciparum [50]. Immucillin-H 
(also known as: BCX1777, Forodesine and Mundesine) (Figure 5) is an inhibitor 
of PNPs and has been approved in Japan for the treatment of resistant or relapsed 
peripheral T cell lymphoma (PTCL). Immucillin-A, as Galidesivir (also known as 
BCX4430) continues in phase I - II clinical trials for antiviral therapy. It is converted 
to the triphosphate form where it blocks RNA chain elongation in RNA viruses, 
including Yellow Fever and SARS-CoV2 [130]. DADMe-Immucillin-H (also known 
as: BCX4208, Ulodesine) has completed phase II clinical trials for gout, by virtue 
of its powerful inhibition of human PNP, an essential step in formation of uric acid 
in humans [50]. No immucillins or related transition state analogs for purine and 
pyrimidine pathways have yet entered clinical trials for antimalaria therapy though 
several are in preclinical testing [128].

The immucillins differ from traditional antibiotic discovery. Antibacterials are 
often discovered by cell wall screening or genomic targeting to inhibit cell wall 
synthesis [131]. Immucillins and related transition state analogs are designed to mimic 
the geometry of the transition state of their specific enzymes [129]. The resulting 
transition state analogs can be powerful tight-binding inhibitors with exquisite 
specificity for their targeted enzymes. Transition state inhibitor design is adding new 
candidates for drug development.
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Immucillins in preclinical development as antimalaria drugs include the PNP-
targeting DADMe-ImmG, a powerful inhibitor that is a picomolar inhibitor for 
both human and PfPNPs. Administration at nanomolar concentrations to parasites 
cultured in human erythrocytes caused purine-less death of P. falciparum. Testing 
in Aotus primates infected with P. falciparum at an oral dose of 50 mg/kg and dosed 
for 7 days gave robust parasite clearance and no parasitemia was detected by day 
6 of treatment, along with complete inhibition of host and parasite PNP [49]. 
Recrudescent parasites appeared several days after treatment stopped [49]. Aotus 
monkeys, however, have approximately 40 μM circulating hypoxanthine, compared 
to approximately 1 μM in humans [49]. Therefore, clearing P. falciparum from Aotus is 
a more stringent test for the antimalaria efficacy of DADMe-ImmG than anticipated 
in human infections. DADMe-ImmH, the compound tested extensively in phase I and 
phase II clinical trials for gout, has a good safety profile in humans. DADMe-ImmH 
has an inhibitory potential for both HsPNP and PfPNPs similar to DADMe-ImmG 
and is a strong candidate to enter human clinical trials [50]. The efficacy of DADMe-
ImmH has been established in clinical trials. A single oral dose of 0.5 mg/kg com-
pletely inhibits erythrocyte PNP with inhibition lasting for 120 days, the lifetime of 
the erythrocyte, making it a candidate for single-dose therapy of P. falciparum [132]. 
As inhibition of both human PNP and PfPNP is required for antimalarial properties, a 
single dose therapy has potential as a novel antimalarial, and as described below, has a 
reduced potential for the induction of resistance mutations.

4.1 Antimalaria resistance to transition state analogs

P. falciparum has developed resistance to most approved antimalarials, contributing 
to the difficulty of disease-eradication efforts worldwide. Rapid development of 
resistance has led to the clinical failure of several potent antimalaria drugs early in 
clinical trials and has resulted in World Health Organization recommendations for 
combination drug therapy for malaria treatment. Chloroquine which was once the 
gold standard treatment for malaria was widely used until the 1950s, when wide-
spread resistance prompted its removal from the list of approved malaria therapeutics 
[133, 134]. Resistance soon followed for drugs such as atovaquone, pyrimethamine, 
proguanil, cycloguanil, sulfadoxine and sulfadoxine-pyrimethamine (SP) [133, 134]. 
Recently, resistance to artemisinin, one partner of the current first line treatment has 
been reported in the endemic regions of Sub-Saharan Africa and the Greater Mekong 
region of Southeast Asia [12, 14, 135, 136].

In the field, drug resistance is characterized by delayed-clearance of parasites 
from the blood of infected individuals [11]. Resistant parasites often have point 
mutations and gene amplification which can result in decreased drug uptake, 
increased efflux of drugs, target overexpression, target modification that reduces 
drug binding, and inactivation of a drug by modification (Figure 13) [134]. 
Knowledge of these mechanisms to resistance have prompted the search for novel 
and unique antimalaria compounds followed by investigation of the rates and 
mechanisms of resistance by subjecting cultured P. falciparum parasites to constant 
pressure of the novel compounds.

One such study involving DSM265, the PfDHODH inhibitor. Using a drug pressure 
of 3 × EC50 revealed a minimum inoculum for resistance (MIR) of 2 × 106 compared 
to 2 × 107 for atovaquone [87]. Selection of resistant parasites to DSM265 required 
8 x EC50 of DSM265 compared to 33 × EC50 required to suppress atovaquone resis-
tant parasites. The resistance mechanism in Dd2 clones (resistant to chloroquine, 
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pyrimethamine and mefloquine) revealed both gene amplification of the DHODH 
gene and the G181C mutation that confers a 13-fold shift in IC50 of the drug compared 
to wild-type enzyme and 26-fold reduction of the EC50 in parasite growth assay. 
Kinetic characterization of the recombinant mutant enzyme revealed a 2-fold increase 
in the kcat, and Km was unchanged [87]. Resistance to DSM265 in Dd2 parasites 
developed rapidly with a profile similar to resistance development for atovaquone. 
However, resistance was not as easily generated at higher concentrations of DSM265 
in other P. falciparum strains, questioning if resistance would develop in the field 
[90]. DSM265 in phase II clinical trials for malaria led to the appearance of resistance 
during the clinical trial phase [94].

In contrast to DSM265, resistance to transition state analogs is not easily gener-
ated. Loss of transition state features in the protein also generates severe catalytic 
penalties predicted to induce a fitness cost to the parasites. For example, treatment 
of cultured P. falciparum with DADMe-ImmG for 1 year in culture resulted in a 
6-fold resistance (6-fold increase in IC50) [44]. The resistance was caused by a 
6-fold amplification of wild-type PfPNP gene and protein levels. After 3 years of 
drug pressure (over 2136 clonal selections) in cultured cells, increased resistance 
was marked by a 12-fold amplification in the target PfPNP gene [44]. The 12-fold 
gene amplification was accompanied by two point mutations in PNP occurring in 
separate clones (M183L and V181D) to give rise to a 500-fold increase in the IC50. 
Interestingly, point mutations were only present in 50% of the transcripts and the 
remainders were wild type [44]. Recombinant expression of mutant PNP revealed 
that the kinetic properties were incompatible with the purine salvage function of 
PNP [44]. Particularly, the M183L mutation resulted in a 17,000-fold decrease in 
the catalytic efficiency (30-fold decrease in kcat) of the enzyme and a 39,000-fold 
decrease in affinity for DADMe-ImmG [44]. Therefore, the mutation reduced 
the catalytic efficiency and DADMe-ImmG efficacy by approximately the same 
amount, highlighting a key feature of transition state analogs. Mutations that 
prevent binding of the analog are expected to decrease catalytic activity to the 
same degree.

Resistance to DADMe-ImmG in P. falciparum arises by a unique mechanism. 
Hybrid PNP expression of 50% mutant M183L subunits and 50% wild-type subunits 
is proposed to generate hybrid hexameric PNPs demonstrating a 6-fold decrease in 

Figure 13. 
Antimalarial resistance mechanism frequently employed by Plasmodium parasites to overcome drug pressure.
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catalytic efficiency, as three of the six subunits are native. This hybrid hexameric 
construct of three native and three mutant subunits displays negative cooperativity 
in binding to DADMe-ImmG, always leaving a fraction of the native subunits free to 
catalyze the formation of hypoxanthine [137]. Therefore, in addition to 12-fold target 
overexpression and point mutations, P. falciparum also employs hybrid multimeric 
PNP to achieve robust resistance [137]. This example emphasizes the severe catalytic 
costs and threat to biological function that resistance to transition state analogs pro-
duces in the parasites. This slow development of resistance to DADMe-ImmG suggests 
that resistance may be slow to develop in the field.

Conditions for generating laboratory DADMe-ImmG-resistant P. falciparum clones 
are stringent, requiring up to 3 years of drug pressure on the same culture before robust 
resistance appeared. In the field, effective anti-parasitics clear parasites in a matter of 
days, and it is unlikely that parasites would encounter conditions of continuous drug 
pressure. Notwithstanding, these in vitro resistance assays help identify mechanisms 
and molecular markers of resistance and resistance phenotypes that will aid in recog-
nizing resistance development in the field. Like most antimalarials, the proposed use 
of DADMe-ImmG or related transition state analogs would be in drug combinations 
to provide an extra layer of protection against development of resistance.

5. Summary and conclusion

During the intraerythrocytic stages, Plasmodium parasites proliferate rapidly and 
require extensive nucleic acid synthesis. The building blocks are either salvaged from 
the human host in the form of purines or synthesized de novo (pyrimidines). There 
are distinct differences between the purine and pyrimidine synthesis pathways of 
humans and the malaria parasites. Therefore, targeting these pathways can aid in the 
development of novel chemotherapeutic agents to combat emerging resistance to the 
current first line antimalarials. Transition state analogs against various purine and 
pyrimidine pathway enzymes are emerging as promising candidates for antimalarial 
therapy. The slow development of resistance and the unusual resistance mechanism 
employed by the parasites to drug pressure against transition state analogs may lead 
to slow resistance development in the field. Finally, the recent advances made with the 
RTS,S vaccine in endemic African countries is promising and point in the right direc-
tion for population control of malaria. However, until an effective vaccine is approved 
for widespread use, chemotherapeutic agents managing the disease and vector control 
measures are still needed.
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Chapter 12

Antioxidant Efficacy of Selected 
Plant Extracts Debilitates the 
Plasmodium Invasion through 
Erythrocytic Membrane 
Stabilisation - An In Vitro Study
Urja Joshi, Dhara Jani, Linz-Bouy George  
and Hyacinth Highland

Abstract

Most dangerous and prevalent form of malaria is caused by the Plasmodium 
falciparum mediated malaria and poses the greatest threat to the humans. Emergence 
of multi drug resistant parasite hindered the prevention of malaria burden world-
wide. This study is mainly focused on the erythrocytic membrane stabilisation 
using regionally available medicinal plant extracts and its corelation with the oxida-
tive stress generated during the intracellular erythrocytic stages development of 
Plasmodia. The results disclosed that antioxidant potential of the medicinal plants 
can diminish the reactive oxygen species generation leads to restrict the plasmodial 
invasion into erythrocytes ultimately decreases the parasitic load. Hence, the evidence 
of the effective phytochemicals present in the selected medicinal plants can be the 
promising anti-plasmodial drug candidates as a future perspective.

Keywords: Plasmodium falciparum, erythrocytic membrane stabilisation,  
antioxidant activity, anti-plasmodial activity, oxidative stress

1. Introduction

The burden of malaria is still felt worldwide and caused by Apicomplexa parasite 
Plasmodium spp., in which, Plasmodium falciparum (P. falciparum) primarily causes 
severe malaria and remains the leading cause of morbidity and mortality worldwide. 
According to World Health Organisation (WHO), 241 million cases of malaria and 
627,000 deaths were reported globally in 2022 [1] in which the WHO African Region 
has consistently reported a significant portion of the worldwide malaria burden. 
Moreover, Malaria cases in the WHO South-East Asia Region dropped significantly 
and made up roughly 2% (5 million cases in 2020) of all malaria cases worldwide 
[1]. Still, more than 4,00,000 people around the world killed due to malaria every 
year [2, 3]. It mostly occurs due to the delay in treating P. falciparum caused malaria. 



Malaria - Recent Advances and New Perspectives

222

Plasmodia requires at least two hosts a) Female Anopheles mosquitoes – for sexual 
cycle b) Human beings – for asexual cycle, to accomplish its life cycle. It infects 
in form of sporozoites via female Anopheles mosquitoes’ bites enters the human 
being, within 60 mins it invades hepatocytes via circulatory system [4]. Eventually 
sporozoites matures and complete its pre erythrocytic stages into 6–15 days, which 
is clinically remains silent, and leave the liver in form of merozoites and enters 
the circulation to invade erythrocytes [4]. During erythrocytic stages, merozoites 
develop into (trophozoites – ring stages – schizonts - merozoites) in <48 hrs and 
on the time of maturation thousand of merozoites leave that erythrocyte to infect 
new erythrocytes. Bursting of erythrocytes into circulation onset the progression of 
symptoms including chills, fever, headache, etc. associated with malaria [5]. Severe 
malaria includes the series of complications include cytoadherence, and seques-
tration found in Plasmodium falciparum infected erythrocytes (Pf-iEs) leads to 
unregulated inflammatory processes, sequestration, coma, severe anaemia, multiple 
organ dysfunctionality and cerebral malaria like complications in vital organs [5]. In 
addition, mortality rates in P. falciparum caused malaria remained elevated mainly 
in pregnant women, young children >5 years, etc. [6]. Although the availability of 
wide spectrum of anti-malarial drugs in the markets, emergence of drug resistant of 
malaria parasite especially of P. falciparum has created an urgent demand for newer, 
more efficacious, anti-plasmodial agents, with minimal side effects. The search 
for a safe, efficient treatment agent for the control and management of this dread-
ful disease may perhaps now have an answer thanks to several plant extracts and 
formulations that are highly concentrated in powerful phytochemicals. According 
to estimates from the WHO, 80% of people rely on herbal remedies as their primary 
form of healthcare. Around 21,000 plant species have the potential to be used as 
medical plants, according to the WHO [7]. The prophylactic anti-malarial medica-
tion derived from medicinal plants is one possible source since certain secondary 
plant compounds have a significant potential for cell-cell and cell-molecular interac-
tions [8]. Natural products have been essential in the discovery and development of 
new medications for a long time since plant primary and secondary metabolites have 
significant biological functions [9].

Here, two medicinal plants:

1. Lantana camara L. (L. camara), generally known as wild or red sage has been 
extensively studied for its phytochemical composition in last few decades and 
belongs to the Verbenaceae family [10]. It is used in the treatment of cancer, 
chicken pox, measles, asthma, ulcers, swellings, high blood pressure, rheuma-
tism, and other conditions due to its active phytochemicals and components 
[11, 12]. The plant is traditionally used to treat tetanus, epilepsy, diarrhoea, 
gastropathy, and metabolic process infections and disorders (cough, cold, and 
bronchitis) [12]. It is also used as a diaphoretic, carminative, antispasmodic 
agent, tonic, and antiemetic. Infusions of the leaves are used for bilious fever, 
eczema, and eruptions. Pulverised leaves are used for cuts, wounds, ulcers, and 
swellings. Protozoal infections, rheumatism, skin rashes, dermatitis,  eczema, 
mycotic infections, tract infections, grippe, and T.B. are all treated with the 
foundation [13].

2. Calotropis procera L (C. procera) is a medium-sized tree or spreading shrub  
belong to the family Apocynaceae. It can be found in areas with excessively 
drained soil where yearly precipitation can reach up to 2000 mm and in arid 
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habitats where rainfall is restricted to 150 to 1000 mm, as well it found in typical 
habitats including roadside sand dunes, seashore dunes, and heavily populated 
urban areas [14]. C. procera possess a wide range of pharmacological activity. 
Plant part such as root bark, stem bark, leaf, flower, and latex and their extracts, 
fraction, and isolated compound proved larvicidal, anticancer, acaricidal, schi-
zonticidal, antibacterial, anthelmintic, insecticidal, anti-inflammatory and anti-
diarrheal special effects [15, 16]. Numerous cardenolides, alkaloids, flavonoids, 
sterols, organic carbonates, norditerpenic esters, cysteine protease procerain 
and other chemicals have made this plant a popular subject of study for many 
years. Although, due to the existence of cardenolides, plants have the potential 
to be poisonous (cardiac glycosides). Cardenolides were discovered to be most 
abundant in the latex [17]. According to research, the leaf of this plant consists 
of cardenolides 162 mg/g at dry weight and 2 mg/g [18].

Recent research indicates that during malarial infections, the concentration 
of reactive oxygen species (such as superoxide and hydroxyl radicals) rises [19], 
due to haemoglobin digestion, parasite metabolism and host defense mechanism 
of the Pf-iEs. Reactive oxygen species plays a crucial role in various physiological 
processes for both host and parasite, as well as overproduction of intracellular ROS 
attack and damage lipids, proteins, nucleic acids, and integrity of cell membrane, 
which affects the survival of the cell and induce, the gradual apoptosis by sup-
pressing the specific gene expressions [20]. To maintain the intracellular redox 
homeostasis parasite activates the machinery includes enzymes like iron-superox-
ide synthetase (Fe-SOD), glutathione-S-transferase (GST), glutathione synthetase 
(GS), γ-glutamylcysteine synthetase (γ-GCS), thioredoxin reductase (TrxR), 
and peroxiredoxins (nPrx) but, it lacks the catalase and glutathione peroxidase 
[21]. Therefore, it is understood that oxidative stress has a significant clinical and 
pathological role in malaria infection [22]. In addition, oxidative stress factor is 
also an effective therapeutic tool for example quinolines and artemisinin act chiefly 
via the production of ROS but, resistance development against Quinoline and 
Artemisinin- Based Combination Therapies (ACTs) in Southeast Asia and various 
regions of Africa over a long-term usage adds more complications in treating P. 
falciparum infected patients [21].

The goal of the current study is to evaluate the antioxidant activity and potential 
anti-plasmodial activity of the hydro-alcoholic extract of L. camara and C. procera leaves 
as well as to investigate how it affects the stabilisation of the erythrocyte membrane and 
in reducing the oxidative damage that this parasite onslaught caused in erythrocytes.

2. Methods

Traditional antimalarial drugs use Reactive Oxygen Species (ROS), which eventu-
ally causes their parasiticidal effects. However, the antimalarial activity mediated 
by ROS is something that Plasmodium’s evolutionary dynamism actively works to 
displace [21]. In light of this, current studies have focused on developing natural 
medicines to reduce Plasmodium infections. The inclusion of several secondary 
phytochemicals endows L. camara L. and C. procera L. plant extracts with strong 
therapeutic capabilities.

To perform the phytochemical extraction from the selected plants (L. camara and 
C. procera), the following method has been implemented.
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2.1 Plant collection and extraction

Leaves of L. camara and C. procera were collected from the Gujarat University 
campus, Ahmedabad, Gujarat. Samples of plant material were authenticated by 
the Botany Department, Gujarat University, Ahmedabad, India. The plant material 
was thoroughly cleansed with distilled water, shade dried at ambient temperatures 
(27–37°C), then manually powdered using a commercial electrical stainless-steel 
blender. For defattation step, powder was treated with petroleum ether and con-
tinuously stirred on a magnetic stirrer for 48 hours. Using a Soxhlet extractor, 20 
grammes of defatted powdered plant material were extracted for 72 hours with 
200 ml of solvent (hydro-alcoholic: 70:30). At low pressure, the diluted crude solvent 
that had accumulated in the flask was concentrated. The yield that was obtained after 
drying was stored at 4°C until use [23].

2.2  In vitro cultivation of chloroquine (CQ )-sensitive strain 3D7 of Plasmodium 
falciparum

It is obtained from National Institute Malaria Research (NIMR), New Delhi. 
Erythrocytic stages were developed to determine the correlation between the anti-
plasmodial efficacy of the plant extracts and the reactive oxygen species generated. 
Asynchronized P. falciparum culture was maintained according to the method 
described by Trager and Jensen [24] with minor modifications.

2.3 Determination of antioxidant activity of the plant extracts by DPPH assay

Both the plant extracts were assessed by the 2, 2-diphenyl-1-picrylhydrazyl 
(DPPH) to determine its antioxidant activity by scavenging the free radicles as per the 
method reported by Gyamfi et al. [25]. EC50 value of the plant extract was evaluated 
by the dose response curve using Microsoft Excel.

2.4  In vitro study of erythrocyte membrane stabilisation and % inhibition of 
parasite entry

In many underdeveloped nations today, medicinal plants represent an important 
part of the traditional healthcare infrastructure. The bioactive chemicals found in 
these medicinal plants have been used to create several medications since antiquity 
[26, 27]. This study also suggests that the extract may alter the erythrocyte membrane 
in a way that renders red blood cells hostile and incompatible as parasite host cells 
or that it may prevent the parasite from entering the erythrocyte even when extract 
is not present in the growing media. L. camara and C. procera extracts are rich in 
phenolic and flavonoid components [12, 28].

Erythrocyte membrane stabilisation efficacy of the two plant extracts were 
assessed using the haemolysis method mentioned by Jansen et al. [29] and Linz-Buoy 
et al. [28]. In which, control O+ve erythrocytes were resuspended in 10% PBS (v/v) 
and incubated with crude plant extracts consisting of the range (1000 μg/ml with 
serial dilution up to 7.18 μg/ml concentration) under agitation for 24 hours at room 
temperature, this mixture then subjected to centrifugation for 5 minutes at 10,000 
x g followed by the absorbance of the supernatants was measured at 550 nm with a 
microplate reader.
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2.4.1 In vitro % inhibition of parasite entry into RBCs

In vitro percent inhibition of parasite entry into RBCs was calculated as mentioned 
in Linz-Buoy et al., [12]. For each concentration, growth inhibition was calculated as 
a percentage of the number of schizonts compared to five untreated controls. Dose-
response curves were used to get the mean IC50 values (percentage of schizonts vs. 
logarithm of drug concentration).

2.5 Oxidative stress parameters

By preventing the emergence of new free radical species, stopping radical chain 
reactions, changing existing free radicals into less dangerous molecules, and repairing 
oxidative damage, antioxidants work through protective processes at various levels 
within cells [30].

2.5.1 Cellular sample preparation

Intracellular ROS: Cells were harvested after 48 hours of incubation at 37°C. Cultured 
cells were harvested and centrifuged to remove the culture media at 500 g for 10 minutes 
at 4°C. The pelleted cells were haemolysed in four times volume of ice-cold injection 
water/1x RBC lysis buffer and centrifuged again at 4°C. This cell lysate was then used to 
measure intracellular ROS by Metta et al. [31] with minor modifications.

2.6 Parameters

2.6.1 Lipid peroxidation (LPO)

The method of Okhawa et al. [32] was used to measure the quantities of thiobar-
butiric acid reactive species (TBARS) in Control erythrocytes, Pf-iEs, and Pre-treated 
Control erythrocytes with the plant extract.

2.6.2 Superoxide dismutase (SOD)

The NADH-phenazinemethosulphate-nitroblue tetrazolium formazon is the 
foundation of the superoxide dismutase (SOD) test. The activity of SOD in Control 
erythrocytes, Pf-iEs, and Pre-treated Control erythrocytes with the plant extracts by 
the method of [33].

2.6.3 Catalase

As hydrogen peroxide is broken down by the enzyme catalase, its UV absorbance 
at 240 nm can be used in this method to evaluate enzyme activity. The method of 
Sinha [34] was employed to determine the activity of catalase enzyme in control 
erythrocytes, Pf-iEs, and Pre-treated Control erythrocytes with the plant extracts. By 
decrease in absorbance, the activity of an enzyme can be calculated.

2.6.4 Reduced glutathione (GSH)

The method outlined by Ellaman et al. [35] was used to measure the reduced gluta-
thione (GSH) level. When GSH reacts with DTNB (5, 5′-dithiobis nitro benzoic acid), 
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a yellow compound formed. Control erythrocytes, Pf-iEs, and Pre-treated Control 
erythrocytes with the plant extracts were taken as samples.

2.6.5 Glutathione peroxidase (GPx)

The Rotruck et al. [36] method was used to measure the glutathione peroxidase 
(GPx) enzyme activity in control erythrocytes, Pf-iEs, and pre-treated control eryth-
rocytes A cytosolic enzyme called GPx catalyses the conversion of peroxide radicals to 
alcohols and oxygen as well as the conversion of hydrogen peroxide to water and oxygen.

2.7 %Inhibition of growth proliferation (MTT) assay

3- (4, 5-dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) Assay 
is based on the capacity of Mitochondria succinate dehydrogenase dimethyl thiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) into an insoluble, coloured formazan 
product which is measured spectrophotometrically at 540 nm [37, 38]. Since reduc-
tion of MTT can only occur in metabolically active cells, the level of activity is a 
measure of the viability/cytotoxicity of the cells.

In vitro confirmations of the toxic effect of the phytocomponents have measured on 
the HeLa cell lines with 6 serial dilutions from 250 to 0.0156 µg/ml. The formazan crys-
tals were formed, following the reduction of MTT by metabolically active (viable) cells.

2.8 Haemoglobin (Hb) determination

Haemoglobin determination was carried out using a Sahli’s hemoglobinom-
eter with standard colour comparator and the final value was recorded as g/dl 
Haemoglobin content [39]. The amount of Hb of control, Pf-iEs and pre-treated 
erythrocytes is given in Figure 8.

3. Results

3.1 Antioxidant activity of the plant extracts by DPPH assay

Antioxidant activity demonstrates the plant extract’s ability to scavenge Reactive 
Oxygen Species (ROS) in a dose-dependent manner. The antioxidant potency of two plant 
extracts is revealed in this study. Ascorbic acid is used as the standard here (Figure 1).

As antioxidants are required to protect cells from oxidative stress, the L. camara and 
Calotropis Procera extracts tested in this study were found to be high in antioxidants L 
camara showed the higher antioxidant activity compared to C. procera plant extract, 
with 85.23% at the highest concentration of 250 g/ml. Linz-Buoy et al. [28] demon-
strated in vitro that this effective antioxidant capability is beneficial in this control.

3.2 In vitro erythrocyte membrane stabilisation and % inhibition of parasite entry

The % erythrocyte membrane stabilisation assay with haemolysis (osmotic fragil-
ity test) is shown in Figure 2. The property of erythrocyte membrane stabilisation is 
performed in dose dependent manner i.e., from the highest concentration (250 μg/ml 
to 7.81 μg/ml).
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Figure 1. 
Bar graph presentation of antioxidant activity of two selected plant’s hydro-alcoholic extracts, compared with the 
standard ascorbic acid. Values are Mean ± S.E. n = 6. (* p<0.01, ** p < 0.001, *** p <0.0001).

Figure 2. 
The % erythrocyte membrane stabilization with haemolytic assay reported via bar graph presentation of selected 
hydroalcoholic extracts of the two plants (L. camara and C. procera).
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Only 2.48 percent of the erythrocytes were hemolyzed when treated with the 
hydroalcoholic extract of L. camara at the highest concentration (250 g/ml) used in 
the study. Pretreatment with C. procera hydroalcoholic extracts yielded 7.66 percent at 
the concentration (250 g/ml).

In the pretreatment of control erythrocytes, haemolysis increases as the crude 
extract concentration decreases.

3.2.1 % Inhibition of parasite entry

The experimental results of this study showed that pre-treatment of the hydroal-
coholic extracts of selected two plants showed anti-plasmodial efficacy for an asyn-
chronized culture of P. falciparum MRC2 and RKL-9 (Tables 1 and 2).

Among these two plants L. camara is found more effective in killing 50% of 
malaria parasites in the appropriate course of incubation time (24 hours) of the 
asynchronized parasite of strain MRC-2 and RKL-9 according to the experimental 
evidence obtained in our study. Among the two plants L. camara reported highest 
antioxidant activity and thus same result reflected in the % erythrocyte membrane 
stabilisation assays and proves its potent anti-plasmodial activity.

3.3 Oxidative stress parameters

3.3.1 Lipid peroxidation (LPO)

When Pf-iEs were compared to control erythrocytes, lipid peroxidation was sig-
nificantly increased (Figure 3). The results also revealed that, when compared to the 
negative control, pre-treated erythrocytes with the plant extracts had significantly 
lower levels of lipid peroxidation, as evidenced by higher MDA values.

Figure 3. 
Showing the lipid peroxidation (TBARS) level in control, infected and pre-treated erythrocytes with the hydroalcoholic 
extracts of L. camara and C. procera. extract. Values are mean ± S.E. # (×104 nmoles of MDA/100mg cells wt/60min).
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The results also indicated that there was a significant reduction (** p < 0.001) in 
lipid peroxidation as indicated by the elevated MDA values, for the control erythro-
cytes when compared to negative control, were treated with both the extracts when 
subjected to Pf-MRC2 and Pf-RKL9 for 24 hours.

3.3.2 Superoxide dismutase (SOD)

While Pf-iEs were compared to control erythrocytes, the activity of superoxide 
dismutase was found to be significantly lower (p < 0.001). Once control erythrocytes 
were pre-treated with hydroalcoholic extracts of L. camara and C. procera and then 
subjected to Plasmodium infection (MRC-2 and RKL-9) for 24 hours, SOD activity 
increased significantly (Figure 4).

3.3.3 Catalase

The results obtained show that catalase activity significantly decreases with 
Plasmodium infection but, it is significantly improved with the use of plant extracts 
(Figure 5).

3.3.4 Reduced glutathione (GSH)

The study revealed a significant (p < 0.01) increase in reduced glutathione level 
in the Pf-iEs. After pre-treatment with the hydroalcoholic extracts of both the plants, 
decrease in the GSH level was observed (Figure 6).

Figure 4. 
SOD enzyme activity in control and Pf-iEs, compared with the pre-treated control erythrocytes with the 
hydroalcoholic extracts of L. camara and C. procera. The unit of SOD is SOD (units/mg protein). Values are 
mean ± S.E. ** p < 0.001; * p < 0.01.
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3.3.5 Glutathione peroxidase (GPx)

The study revealed that the Plasmodium infection resulted in a consider-
able decline in GPx activity. Following the application of the plant extracts via 

Figure 6. 
Shows the reduced Glutathione content differs during the Plasmodium infection as it increases compared to control 
erythrocytes but, when pre-treated with hydroalcoholic extracts, decreases the glutathione level. Among two plants 
L. camara hydroalcoholic extract shows most effective decline. Values are mean ± S.E. * p < 0.01. The unit of GSH 
measurement (µg/100mg cells weight).

Figure 5. 
Shows the catalase enzyme activity in control erythrocytes, PfMRC-2 and PfRKL-9 infected and treated control 
erythrocytes with the hydroalcoholic extracts of L. camara and C. procera. Values are mean ± S.E. Unit of 
catalase activity measured: mmol of H2O2 consumed/min/mg protein) ** p < 0.001; * p < 0.01.
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pre-treatment to control erythrocytes, there were noticeable increase seen in the 
Glutathione peroxidase activity (Figure 7).

3.4 % Inhibition of growth proliferation (MTT) assay

The result decreases of % growth proliferation after pre-treatment with both 
extracts has tabulated in Table 3.

3.5 Haemoglobin (Hb) determination

The highly significant decrease of Hb content has been observed in the infected 
erythrocytes (iEs). Compared with the control erythrocytes much significant changes 
in the amount of Hb has not been observed in the pre-treated erythrocytes (Figure 8).

Figure 7. 
Showing GPx enzyme activity in control erythrocytes, Pf-iEs and pre-treated erythrocytes with hydroalcoholic 
extracts of L. camara and C. procera. Values are mean ± S.E. ** p < 0.001.

Concentration of the crude extract of the plants (μg/ml)

7.81 μg/ml 15.63 μg/ml 31.25 μg/ml 62.5 μg/ml 125 μg/ml 250 μg/ml

L. 
camara 
(HA)

98.12 ± 0.51 96.90 ± 1.24 97.56 ± 0.90 97.88 ± 0.43 97.79 ± 1.09 98.46 ± 0.90

C. 
procera 
(HA)

98.08 ± 0.54 97.53 ± 0.77 97.08 ± 1.15 97.17 ± 0.41 97.24 ± 0.67 96.86 ± 1.2

Table 3. 
Showing the results of MTT assay in which % growth inhibition of extracts of both L. camara and C. procera on 
the HeLa cells. In vitro confirmation of the toxic effect of the phytocomponents has measured on the HeLa cell 
lines with 6 dilutions from 250 to 7.81 μg/ml. The formazan crystals were formed, following the reduction of MTT 
by metabolically active (viable) cells.
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4. Discussion

Membrane stabilising profiles of various extracts of L. camara on bovine red blood 
cells exposed to both heat and hypotonic induced lysis were reported previously [40]. 
Earlier studies have shown that various herbal drugs can stabilise the red blood cell 
membrane [41]. The mode of action of the extracts could relate to binding to the 
erythrocyte membranes with subsequent alteration of the surface charges of the cells. 
This might have prevented physical interaction with aggregating agents or promote 
dispersal by mutual repulsion of like charges which are involved in the haemolysis of 
red blood cells. It has been reported that certain saponins and flavonoids exerted pro-
found stabilising effect on lysosomal membrane both in vivo and in vitro, while tannins 
and saponins possess ability to bind cations, there by stabilising erythrocyte mem-
brane and other biological macro molecules [41]. It is not surprising that P. falciparum 
develops resistance to antimalarial medications whose mode of action is dependent on 
the production of ROS in a shorter amount of time. This shows a common pathway of 
resistance to the K13 propeller gene mutation, which is supported by the development 
of artemisinin resistance to novel endoperoxide-based hybrid molecules [42].

The ROS-managing machinery of the parasite could be disrupted to preserve 
and improve the actions of the antimalarials, ensuring the ongoing relevance of 
ROS-producing antimalarials [21]. Moreover, aromatic and therapeutic plants make 
up much of India’s natural resources. According to reports, phenolic and flavonoid 
compounds function as antioxidants to exert anti-allergic, anti-inflammatory, 
antidiabetic, antimicrobial, antiviral, antithrombotic, and vasodilatory effects. As a 
result, they may prevent diseases like cancer, cardio-vascular disease, cataract, eye 
disorders, and Alzheimer’s [43, 44].

Free radicals are vital to many metabolic processes and play a crucial role in 
aerobic metabolism and life. Reactive oxygen species (ROS) have been implicated 
in mediating oxidative damage to macromolecules such lipids, proteins, and DNA. 

Figure 8. 
Showing the haemoglobin content in control, Pf-iEs and pre-treated erythrocytes with plant extracts. Values are 
Mean ± S.E. *p<0.01 **p<0.001.
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Antioxidants protect cells at multiple levels by inhibiting the formation of free radical 
species, interfering with radical chain reactions, converting existing free radicals 
into less harmful molecules, and repairing oxidative damage [30]. Flavonoids and 
phenolic compounds are abundant in L. camara extracts [28]. Flavonoids and tan-
nins are most likely responsible for the free radical scavenging effect. Plant phenolic 
compounds also serve as primary antioxidants.

Becker et al. [45] have shown an increase in the lipid peroxidation of Plasmodium 
infected RBCs. Moreover Erel et al. [46] have demonstrated that plasmodia succeed in 
accumulating free radical scavenging enzymes within their own cells but deplete them 
in red blood cells of the host. Polyphenols (flavonoids) have been known to effectively 
restrict free radical induced peroxidation of lipid. According to [47] in addition to 
their protein binding and direct scavenging activity, these potent antioxidants interact 
with membrane lipids and prevent the access of deleterious molecules across the 
cell membrane. Thus, the infected erythrocytes, treated with the extracts showed 
decreased lipid peroxidation, due to the potent antioxidant activity of these extracts.

The current study found a highly significant decrease in the erythrocyte anti-
oxidant machinery, superoxide dismutase (SOD), catalase (CAT), and glutathione 
peroxidase (GPx), indicating the presence of a high amount of ROS. Plasmodium 
erythrocytic stages are subjected to a variety of oxidative stress-inducing events, 
such as haemoglobin metabolism [48]. P. falciparum generates H2O2 within RBCs 
during haemoglobin degradation [45]. Furthermore, the Fenton reaction exposes 
intra-erythrocytic parasite stages to increased ROS formation [49, 50]. P. falciparum-
infected erythrocytes produced significantly more hydroxyl (OH) radicals and H2O2 
than uninfected erythrocytes, according to Atamna and Ginsburg [51]. Plasmodium 
infection was found to cause a significant increase in lipid peroxidation in red blood 
cells; however, when treated with a hydro-alcoholic extract of L. camara, a significant 
decrease in LPO in infected RBCs was obtained.

SOD activity in plasmodium-infected RBCs was significantly lower than in normal 
RBCs. Several other studies have found a decrease in SOD activities in erythrocytes 
in malaria patients [52, 53], which supports the findings. This supports its role as an 
antioxidant, where levels decreased to counteract oxidative stress. The main charac-
teristics of these changes are changes in erythrocyte GSH content, lipid peroxidation 
levels, and oxidative stress enzymes like SOD, CAT, and GPx. L. camara and C. proc-
era extracts were found to be effective enough to overcome this change and return the 
cell to normalcy as a result, the L. camara and C. procera extracts exhibit enormous 
potential and promise in controlling Plasmodium ingress into the host erythrocytes 
and further reducing the subsequent oxidative stress.

5. Conclusion

Herbal products are well thought-out to be symbols of safeguard in comparison 
to the synthetic product that are regarded as unsafe to human life and environment. 
Phytochemical and pharmacological studies are conducted on L. camara and C. 
procera. Based on the results obtained in the study, it can be inferred that the leaves of 
L. camara are rich sources of lot of secondary metabolites/phytocomponents which 
can be used as a prophylactic drug against malaria.

Finally, the current investigation’s experimental work was focused on using 
membrane stabilisation to assess the anti-plasmodial activity of L. camara hydro-
alcoholic crude extract. This extract did show evidence of potent phytochemicals 
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with erythrocyte membrane stabilising activity. Furthermore, this study found that 
L. camara has better anti-plasmodial activity than C. procera against MRC2 and RKL9 
Plasmodium falciparum strains, in contrast to synthetic products, which frequently 
have side effects and are dangerous to human life. This plant extract’s potent antioxi-
dant phytochemicals are both effective and relatively safe.

Both extracts of L. camara leaves had shown positive results on the effect on 
erythrocyte membrane stabilisation. They could inhibit the entry of parasites, also 
show effective antioxidant property, and has no toxic effect due to certain unknown 
compounds in the crude extracts on the normal cells which is proved by the MTT 
assay.
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