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PREFACE


Malaria, specifically Plasmodium falciparum, is one of the few infectious diseases that can kill an otherwise healthy soldier within days or even hours. Its sister species, Plasmodium vivax, a form of relapsing malaria, causes febrile illness months to years after the original infection was started by an Anopheline mosquito bite. Malaria’s particular military significance is not that it kills a large number of soldiers, although there certainly are instances of mass mortality. Malaria makes large numbers of soldiers suddenly ill, taking them out of the firing line and filling up the field hospitals. Armies under constant malaria pressure literally melt away from their commanders who find their military plans curtailed even before enemy contact is made. During many colonial campaigns, disease was the real enemy and keeping soldiers functional in the field largely depended on the geography of the mosquito and the discipline of the soldiers.


Malaria has stopped the Australian Army three times. In 1918 in Palestine, in 1943 in New Guinea, and in 1968 in Vietnam, epidemics of malaria among deployed soldiers brought combat operations to a halt. During all three episodes, a military medical research unit was specifically charged to find out how to stop the loss of manpower due to disease. In 1918 it was known as the 5th Mobile Malaria Diagnosis Unit; in 1943 it was the Land Headquarters Medical Research Unit; and in 1968 it was called the Army Malaria Research Laboratory. The current incarnation of this remarkably evolving organization is the Australian Army Malaria Institute.


Currently the Australian Army Malaria Institute is a military medical research organization of forty persons at Gallipoli Barracks near Brisbane. It conducts applied medical research to provide the best possible protection for the Australian soldier, sailor and airman against vector-borne diseases, primarily but not limited to malaria. New drugs are developed, better ways to diagnose malaria sought, and new anti-mosquito measures tested as the Institute tries to understand and counteract its worthy opponent—that is malaria.


This book, An Unending War, is the record of the engagements between the Australian military and malaria, both the successes and the failures over the last 130 years. Read it for the history to find out how our military medical predecessors adapted and learned to fight malaria. But also read it as a warning of what happens when an army is unprepared to deal with tropical infections and the sudden but predictable price exacted by the malaria parasite for such gaps in our mental and physical preparedness for tropical deployment.


Professor G. Dennis Shanks


Director, Australian Army Malaria Institute


Gallipoli Barracks,


Enoggera, Queensland




FOREWORD


It is a truism that in many wars, infectious diseases have killed more soldiers than the fighting did. Among the infectious diseases incapacitating armies, malaria has often been among the leading causes of non-battlefield mortality.


Historically the greatest killer of humankind, malaria has destroyed armies as effectively as enemy action. That in turn has sometimes changed the course of history. The disease remains one of the most significant challenges to military health today.


In spite of great advances in medical science during the twentieth century, three groups of infectious diseases have remained responsible for a large part of the caseload of military medical officers. These three disease groups have been sexually transmitted diseases (STDs), enteric diseases and malaria. In the twenty-first century, victims of enteritis and those who contract STDs are effectively treated with antibiotics and antiviral drugs. Malaria, however, remains a challenge.


In Australia in the twenty-first century four new cases of malaria are diagnosed among returning civilian tourists every day. Every military deployment in which Australia has served in the first two decades of the twenty-first century has been threatened by outbreaks of malaria. The complex life-cycles of the plasmodial parasites and their anopheline mosquito vectors create greater difficulties for military medical officers than do bacterial and viral diseases.


As the title of this book rightly suggests, the continuing struggle of the Australian Defence Force against malaria has really been an unending war. Each generation of military commanders and uniformed medical officers has been obliged to continue the campaign against the disease because deployments have usually been to regions of malarial hyperendemicity.


Fortunately, in both World War II and the post-war era the Army’s own specialised malaria research units greatly reduced the risk of malarially-induced defeat. The rise of the present Australian Army Malaria Institute and its ongoing research programs have greatly strengthened the Australian Defence Force in its continuing war against malaria. Only time and future deployments can demonstrate whether malaria has been defeated; however, in the meantime the efforts of the Australian Army Malaria Institute are the best guarantee that soldiers of the future will remain malaria-free.


This book is a milestone in Australian military medical history. In recording the great saga of the Australian Army’s struggle against malaria during the past 130 years, An Unending War does what no other military or medical history has. It demonstrates that malaria has a military history of its own, a history as convoluted and problematic as those of the political, strategic and tactical challenges of any war. In narrating that history, Dr Howie-Willis graphically shows how disease, and in this case malaria, is always ‘the second enemy’ in any operational service whether this be combat or peacekeeping operations or humanitarian responses to disasters.


The continuing and necessary struggle of the Australian Defence Force against malaria is one major theme of this important book. Intertwined with this is a second theme. This is the unrelenting efforts of the Australian Defence Force scientific officers, and in particular those of the malariologists, in meeting the malarial threat head-on. Both themes are heroic in scale. I congratulate Dr Howie-Willis for developing each so compellingly.


Major General John H. Peam AO RFD


Sometime Surgeon General, Australian Defence Force


Office of the Professor of Paediatrics and Child Health


Royal Children’s Hospital,


Brisbane, Queensland
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	Deputy Director of Medical Services
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	DMS


	Director of Medical Services
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	Far Eastern Land Force





	Fd Amb
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	OC
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	RAMC
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GLOSSARY





	Term


	Meaning





	Anopheline


	A general term pertaining to mosquitoes of the genus Anopheles.





	Chromosome


	The organised structure of DNA found in the cell of any organism.





	Cytoadherence


	A process in which blood cells bind themselves to the inner lining of blood vessels.





	Discipline, Anti-malaria


	Measures undertaken under Army CO’s orders to prevent malarial infection.





	Erythrocyte


	The technical term for a red blood cell.





	Flagellum (singular), flagella (plural)


	A whip-like appendage of a male gametocyte which detaches itself to fertilise a female gametocyte.





	Gamete


	A sexually developed form of the malaria parasite.





	Gametocyte


	A sexually reproductive form of Plasmodia and other protozoan organisms, being either male or female.





	Genome


	An organism’s entire hereditary information stored in its chromosomes, which are made up of strands of DNA.





	Haemoglobin


	The iron-containing protein found within red blood cells and perform the function of carrying oxygen from the respiratory organs to the rest of the body.





	Haemozoin


	The toxic waste produced by malarial parasites as they devour the haemoglobin in a host’s red blood cell.





	Hepatocyte


	The technical term for a liver cell.





	Hypnozoite


	A developmental form of the malaria parasite which lies dormant within the host’s liver.





	Macrogamete


	A female form of the malaria parasite, prior to its fertilisation by a microgamete or male form of the parasite.





	Merogony


	A process of cell division in which the nucleus replicates itself many times over; in the case of Plasmodia, many merozoites are produced.





	Merozoite


	A developmental form of the malaria parasite which enters the host’s bloodstream then invades and multiplies within a red blood cell.





	Microgamete


	A male form of the malaria parasite, prior to its fertilisation of a macrogamete or female form of the parasite.





	Oocyst


	A development form of the malaria parasite, being a capsule within which sporozoites multiply within the gut of a female mosquito of the Anopheles species.





	Ookinete


	An embryonic form of the malaria parasite which undergoes its developmental stage within the gut of a female mosquito of the Anopheles species.





	Plasmodium (singular), Plasmodia (plural)


	A genus of malaria-causing parasitic single-celled protozoan organisms. P. falciparum, P. malariae, P. ovale and P. vivax are the species commonly infecting humans.





	Proboscis


	The tubular mouth parts of a female mosquito which are inserted through the skin and into the bloodstream of a host.





	Schizogony


	A process of cell division or multiple fission in which the nucleus replicates itself.





	Schizont


	A developmental form of the malaria parasite which develops within a liver cell of the host.





	Sporozoite


	Spore-like cells that develop and multiply within the oocyst developmental form of the malaria parasite within the gut of a female mosquito of the Anopheles species.





	Trophozoite


	A developmental form of the malaria parasite which develops within a red blood cell by devouring its haemoglobin.





	Vector


	The carrier of a disease, often an insect.





	Zygote


	In the malaria parasite, a fertilised cell formed through the fusion of previously separate male and female cells.









INTRODUCTION


Malaria—the Scourge of Armies throughout History


Malaria is among the most written-about diseases in medical history. It is also the world’s most serious endemic disease. In 2014 the World Health Organisation (WHO) estimated that 3.2 billion people were at risk of malaria; 198 million cases of the disease were reported annually; and about 584,000 deaths from malaria occurred, 83 per cent of these being of children under five.1 Medical historians believe that malaria has been ‘the greatest killer of humanity for all time’.2


Malaria has also been humankind’s continuing but unwanted companion for many millennia.3 It was probably blighting hominid lives long before anatomically modern humans emerged from among other species of the genus Homo in Africa some 200,000 years ago.4 Malaria also infects many other genera. Some 200 species of mammals, birds and reptiles are commonly infected, many by species-specific Plasmodium, the malaria parasite.5


As anyone who suffered malaria will attest, the disease is characterised by the sudden onset of intermittent but regular bouts of feeling cold and of shivering followed by a high fever and profuse sweating. Such symptoms are caused by the parasites’ invading, multiplying within and then bursting from the red blood cells after having entered the bloodstream in the saliva of a female Anopheles mosquito that has bitten the victim. The parasites exiting the blood cells they have destroyed then invade new blood cells. The process of cell invasion and destruction is then repeated cyclically every few days. The shivering and fevers are caused by the victim’s immune system trying to cope with the toxins released when the parasites burst from the destroyed blood cells.6


The genus name Anopheles is from the Greek ανωΦελος (anophelos) meaning ‘useless’. Plasmodium, too, is derived from the ancient Greek, from πλασμα (plasma), but comes into English via Latin, in which it means ‘shape’.


Malaria entered recorded history in some of the oldest known texts. A readily recognisable description of the symptoms of the disease appeared in the Huangdi Neijing or ‘The Inner Canon of Huangdi’ in China in 2700 BC.7 Similar descriptions in the Sumerian cuneiform script were written in Mesopotamia, in hieroglyphics in Egypt and somewhat later in the Vedic texts of ancient India.8 The most comprehensive early description was that of Hippocrates (460–370 BC), the Greek, whose writing on fevers in about 400 BC distinguished between continuous and intermittent fevers, typically malaria.9


Plasmodium, the malaria-causing group of parasites, is not a single species but a large genus of protozoa, single-cell organisms. Some 211 species of Plasmodium are known. Thirteen of these can infect humans, but four are responsible for causing most clinically described malaria: Plasmodium falciparum, P. malariae, P. ovale and P. vivax.10


The Latin species names are recent, used only since the late nineteenth century when the parasites’ function in causing malaria was determined. ‘Falciparum is from ‘falc’, meaning ‘sickle’ and ‘-parum’ meaning ‘bearing’—a reference to the shape of the parasite in some of its life-cycle stages. ‘ Vivax’ means ‘enduring’; and in the case of P. vivax it refers to the parasite’s habit of lying dormant in the liver for months before breaking out and causing renewed infection. ‘Malariae’ is the feminine singular noun in the genitive case, meaning ‘of malaria’. ‘Ovale’ is an adjective meaning ‘egg-shaped’.


Malaria has been the scourge of armies for many centuries. It has often caused havoc and defeat among troops from non-malarious regions sent to fight in places where the disease is endemic. Conversely, infected soldiers have sometimes carried Plasmodium parasites into regions where malaria was not previously a serious problem. The armies of Alexander the Great are said to have taken malaria with them as they marched from Egypt into Mesopotamia and on eastwards through Persia and into India.11 Various explanations for his death in Babylon on the way home from India in 323 BC have been proffered. One is that he died from a fever, perhaps caused by falciparum malaria.12


Three centuries later, during the last years of the Roman republic, an estimated 60 per cent of the Roman population was suffering from malaria, including one other great general and empire-builder—Julius Caesar.13 It also seems to have killed two of his successors, the emperor-generals Titus (AD 39–81) and Marcus Aurelius (AD 120–180).14 Some medical historians even attribute the eventual collapse of both the ancient Greek and Roman civilizations to endemic malaria.15


The long list of famous historical figures who are thought to have died from malaria includes Alaric, King of the Visigoths, who died in 410 AD soon after sacking Rome, and his contemporary, Saint Augustine of Hippo (354–430), one of the great early Christian theologians. That neither temporal nor ecclesiastical power conferred immunity against malaria could be further seen in the deaths of at least four Popes thought to have died from the disease—Damasus II (died 1048), Leo X (1475–1510), Sixtus V (1521–1590) and Urban VII (1521–1590). Two early European explorers, the Portuguese Vasco da Gama (circa 1460s–1524) and the Italian Amerigo Vespucci (1454–1512) both died from malaria. So, too, did two other eminent Italians—the poet Dante Alighieri (circa 1265–1321) and the artist Caravaggio (1571–1610). The list of Britons killed by Plasmodium parasites includes the Civil War victor, Oliver Cromwell (1599–1658), Lord Byron the poet (1788–1824) and the missionary-explorer David Livingstone (1813–73).16


Alexander the Great was not the only conqueror defeated by malaria. Over the millennia malaria continued frustrating the ambitions of conquerors by infesting their troops. The failure of the Crusades of mediaeval Christendom against the Muslim regimes of the eastern Mediterranean is at least partly attributable to malaria, while Crusaders returning to Europe would have borne the Plasmodium parasites in their blood vessels and livers, becoming a source of further infection in their homelands.17


Overlapping the crusades, the rapid expansion of the Mongol empire during the thirteenth century began with the conquests of Genghis Khan. He is thought to have died of malaria in 1227; and malaria among his troops had possibly dissuaded him from invading Western Europe.18 Although the empire’s subsequent contraction during the fourteenth century was hastened by fratricidal feuding among his successors, malaria among their armies was also a contributing factor. For instance, it caused the troops of Kublai Khan, Genghis’s grandson, to withdraw from their invasions of Burma and Vietnam.19


During the Napoleonic wars of the late eighteenth and early nineteenth century, malaria and bubonic plague, rather than the British Navy and the Ottoman army, thwarted Napoleon Bonaparte’s plans for the conquest of Egypt, Palestine and Syria during 1798–99.20 Later in the Napoleonic wars, Napoleon turned malaria to advantage in 1809 by flooding the Dutch countryside to encourage the spread of malaria among British troops landing in the Scheldt estuary. His use of biological warfare was spectacularly successful. Not only did the flooding hamper the British invasion, about 40 per cent of the British force of 39,000 succumbed to debilitating attacks of malaria. Almost 4,000 died from the disease, whereas only 100 were killed in the skirmishing of the campaign.21


Malaria caused huge losses to both the Unionists and Confederates during the American Civil War of 1861–65. More than 1.3 million malaria cases were recorded among the troops. One estimate is that annually 50 per cent of all the white troops and 80 per cent of the black troops suffered malaria. The deaths of 14,379 Unionist soldiers were attributed to the disease; and although the malaria mortality rate among Confederate troops is unknown, the disease was rife among them as well.22


Malaria was similarly the enemy of all the combatants in the campaigns in the eastern Mediterranean theatre during World War I. During the prolonged fighting on the Macedonian Front 1916–18, between the Central Powers (Austria-Hungary, Bulgaria, Germany and the Ottoman Empire) and the Allied Powers (Britain, France, Greece, Italy, Russia and Serbia), the British, French and German armies in particular suffered many more casualties from malaria than any other cause. At one point a French general given the command to attack replied, ‘Regret that my army is in hospital with malaria.’23


As this book will show, malaria again became the indiscriminate enemy of friend and foe alike during World War II. It was the common foe of all sides in the fighting in Greece and Crete, Ethiopia, Syria, Malaya, Burma, French Indochina, the Netherlands East Indies, New Guinea and the Solomon Islands. In each of these theatres, the contest was against malaria as well as between opposed armies.


One conclusion from this brief survey of malaria in military campaigns is that malaria can defeat armies as surely as armies defeat each other. The disease, it seems, has been the great scourge of armies throughout history.




CHAPTER 1


Malaria and Malariology


The causes of malaria remained unknown to science until the late 1880s. The Plasmodium life-cycle in its human and anopheline hosts was only charted in the late nineteenth century. In earlier centuries malaria, often called ‘marsh fever’ in various languages, was widely thought to result from inhaling the malodorous vapours –miasma–rising from marshy ground and swamps. Indeed the very word ‘malaria’ is but the compound of the two Italian words mal and aria, or ‘bad air’.24


During the 1870s the medical profession adopted the germ theory of disease, following the microbiological discoveries of Louis Pasteur (1822–95) and Robert Koch (1843–1910). Pasteur developed the theory after observing the part played by micro-organisms in the fermentation processes used to make bread, beer, cheese and wine. Following Pasteur, Koch realised that infectious diseases such as anthrax, tuberculosis and cholera were caused by sub-microscopic organisms called bacteria.25


For a while the medical profession supposed that malaria, too, stemmed from microbial sources. As late as 1887, the Australasian Medical Gazette was telling its readers—the medical profession in Australia and New Zealand— that the ‘bacillus malaria’ would soon be identified as the origin of the ‘malaria poison’ assumed to be ‘largely diffused through the ground in localities where malarial diseases are prevalent’.26


Meanwhile, in India in 1882 Ronald Ross (1857–1932), an Indian Army physician, had begun conducting the experiments that eventually, in 1897, led him to the discovery that the malarial parasites were transmitted from human to human by mosquitoes. Ross’s research built on that of a French Army physician in Algeria, Charles Louis Alphonse Laveran (1845–1922) who, in 1880, had observed parasites within the red blood cells of a malaria victim and concluded that a causal link existed between the parasites and the disease. Both Ross and Laveran subsequently won the Nobel Prize for Medicine, Ross in 1902 and Laveran in 1907.27


[image: image]


Figure 1.1: Sir Ronald Ross, who discovered the causal link between the bite of a mosquito and infestation by malaria parasites.


While Ross was still conducting his research in India, a team in Italy led by Giovanni Batista Grassi (1854–1921) in 1898–99 extended his findings by describing the complete life-cycle of three of the species of Plasmodium—P falciparum, P. malariae and P. vivax— infecting their anopheline mosquito and human hosts.28 Unfortunately a bitter feud erupted between Grassi and Ross over the Nobel Committee’s proposal that they should share the 1902 Nobel Prize. The more modest and retiring Grassi was denied that honour, largely as a result of an unseemly campaign to discredit him by a furiously resentful Ross. Grassi, however, was the first to describe the complex life-cycle of P. falciparum. It was also Grassi who demonstrated that only females of the Anopheles genus were the malaria vectors, a discovery which led him to proclaim ‘Grassi’s law’— ‘there is no malaria without Anopheles’.29


By the early 1900s, no medical practitioner could still believe in the existence of a ‘bacillus malaria’. Tropical medicine research institutes established in Britain, France and elsewhere during the late 1880s and 1890s30 had verified the findings of Laveran, Ross and Grassi. They developed the microscopical and diagnostic techniques for accurately identifying the Plasmodium species. They searched for medicinal inhibitors of and cures for malaria, initially quinine, derived from the bark of the Cinchona tree, a South American genus of the Rubiaceae family. Europeans had known of the efficacy of quinine in treating malaria since the early sixteenth century.31 The research institutes determined the life-cycles and predatory habits of the many anopheline species and sought the most effective control measures for each. They also began the quest for the still-elusive anti-malarial vaccine.


[image: image]


Figure 1.2: Giovanni Battista Grassi, who first described the complex Plasmodium life-cycle. (From the Wellcome Library, London, Image no. M0014436; original photograph by G. Celsoe, Acireale, Sicily.)


The research institutes created a new field of medical science—malariology, the study of malaria. Those who specialised in it became known as malariologists. In time, their number included parasitologists, entomologists and pharmacologists, who respectively studied the plasmodial parasites, their anopheline vectors and the drugs which inhibited the activities of the parasites.


By the early twenty-first century, malariologists knew ever more about malaria. Despite that, the disease remained problematic because it continued killing many hundreds of thousands and perhaps even millions of people annually. A 2011 worldwide atlas of malaria indicated that although 79 nations had eliminated malaria since the end of World War II, the disease remained endemic in 99 others.32


This situation has direct implications for armies, and the Australian Army in particular. In the 70 years since the end of World War II, 1945–2015, Australian military personnel were sent overseas in more than 60 deployments to 43 nations.33 They went to fight wars, serve in multinational peacekeeping forces or participate in humanitarian aid missions. These deployments were mostly in regions where malaria either remains endemic or may at best be hopefully described as ‘in the process of being eliminated’.34


Plasmodial life-cycles


The four species of Plasmodium most commonly affecting humans are Plasmodium falciparum, P. malariae, P. ovale and P. vivax. Depending on the species, the remarkably complex life cycle comprises 16 or 17 separate developmental stages. The completion of the cycle requires these stages being spent in human and anopheline mosquito hosts. The stages are summarised diagrammatically in Figure 1.3.35
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Figure 1.3: The life-cycle of the Plasmodium parasite in its human and anopheline hosts. (Derived from a diagram of the US Centres for Disease Control and Prevention [CDC].)


For the purpose of discussion, the cycle can be said to begin during a ‘premalaria’ sexual stage within the gut of the female anopheline mosquito. The cycle proceeds through the following subsequent stages, with certain technical biological terms italicised.36


1.   The plasmodial male gametocyte (cell) produces flagella, whip-like appendages, each of which contains a male nucleus.


2.   Each flagellum detaches itself from the gametocyte then swims off to attach itself to, penetrate and fertilise a female gametocyte, also called a macrogamete.


3.   The fertilised gamete becomes a zygote, a fused female and male cell.


4.   Over the next 12 to 48 hours the zygote elongates to become an ookinete, an embryonic form of the parasite which penetrates the wall of the mosquito’s mid-gut.


5.   Lodged in the gut wall, within nine to 14 days the ookinete matures into an oocyst, a capsule containing thousands of sporozoites, which are spore-like cells capable of infecting new hosts. The oocyst then ruptures, releasing the sporozoites into the mosquito’s tissue. Some of the sporozoites invade the mosquito’s salivary glands.


6.   When the mosquito bites a human to obtain a blood meal, the sporozoites enter the human bloodstream in her saliva via her proboscis, the set of tubular mouth parts she uses to penetrate her victims’ skin.


7.   After entering the human bloodstream in the mosquito’s saliva, the sporozoites make their way to the host’s liver, where they establish themselves within the liver cells or hepatocytes.


8.   Within the liver cells, each sporozoite matures into a form of the parasite called a schizont.


9.   Over the next seven to 14 days, the schizont replicates itself in a process of multiple fission called schizogony, also called merogony, during which the organism multiplies asexually by cell division, producing thousands of merozoites, the next developmental stage. A single sporozoite can generate from 10,000 to 30,000 merozoites.


10. Eventually so many merozoites accumulate within a liver cell that the cell ruptures, releasing the merozoites into the bloodstream. The merozoites then invade the red blood cells, each merozoite penetrating a cell of its own. (Occasionally, and probably under laboratory conditions more frequently than in nature, more than one merozoite will enter a blood cell. Most often, however, each merozoite seeks a blood cell of its own. In doing so it maximises its chances for survival by not having to share with a companion the nutrients within the cell.)


11. The merozoite establishes itself in its chosen red blood cell, where it reproduces asexually by cell division, resulting in up to 16 ‘daughter’ cells or new merozoites.


12. Within the red blood cell the multiplying merozoites consume the haemoglobin, the iron-containing protein that transports oxygen from the human host’s respiratory organs to the rest of his/her body. At this stage the parasite is referred to as a trophozoite, that is the form of the parasite during its intracellular feeding stage.


13. After consuming the haemoglobin within the cell, the trophozoites eventually burst from it, destroying it. They then enter the bloodstream and begin invading new red blood cells. The toxic waste from the parasites’ haemoglobin feast, known as haemozoin, also enters the bloodstream. This is what produces the physiological symptoms of malaria–the chills and shivering alternating with fevers and sweating. These responses occur as the victim’s body attempts to detoxify the haemozoin. When the body has dispersed the waste, the fever passes until the next cycle of blood cell invasion and destruction two or three days later.


14. Within the bloodstream some of the trophozoites differentiate themselves sexually, some developing into male and others into female gametocytes.


15. A female anopheline mosquito biting the human victim for a blood meal will suck up both male and female gametocytes. Within the mosquito’s gut, the reproductive cycle begins again as the male gametocytes develop flagella to fertilise the female gametocytes.


16. With two plasmodial species–P ovale and P. vivax–there may be a further two stages because some of the sporozoites may remain dormant in the liver cells. The parasites lying dormant in the liver are known as hypnozoites. Hypnozoites may remain inactive for months or even years.


17. Eventually the hypnozoites may become active, developing into schizonts which then asexually produce merozoites. That initiates a new phase of red blood cell invasion and destruction and the consequent physical symptoms of malaria. This happens without a further mosquito bite and without any further injection of new sporozoites into the victim’s bloodstream. The activation of the hypnozoites after a period of dormancy may result in delayed and episodic attacks infection or ‘relapsing’ malaria.37
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Figure 1.4: Magnified photograph of Plasmodium falciparum malaria parasites beside uninfected red blood cells. They are the four elongated, darker and mottled organisms at the top centre and left and bottom right of this photograph. (From the collection of the Manuel Llina Laboratory of the Penn State University, USA.)


The genus Anopheles


Mosquitoes are the vectors or transmitters of various diseases, but the genus Anopheles is wholly responsible for spreading malaria. All mosquitoes are classified within the Culicidae, a huge family of 41 genera comprising over 3,500 separate species. The genus Anopheles contains about 460 species. About 100 of these are capable of transmitting malaria to humans, but perhaps only about 40 do so regularly in the natural environment, though not all with equal efficiency.38


Apart from malaria, the range of Australian mosquito-borne infections includes those caused by various arboviruses, that is viral diseases transmitted by arthropod vectors. As well as mosquitoes, the huge phylum Arthropoda includes spiders, ticks, mites and scorpions. The word ‘arbovirus’ is an acronym compounded from ‘arthropod-borne virus’. The diseases attributed to Culicidae transmission in Australia include dengue fever, Ross River virus and Murray Valley encephalitis.39


The anopheline world map


The ‘world map’ of anophelines indicates that the genus is widely distributed across much of the globe and on all continents except Antarctica. Figure 1.5 indicates the global distribution of anopheline species, showing the range of the major malaria vectors.40 As the map demonstrates, anopheline species range across both hemispheres and most latitudes in a broad band from the Arctic Circle to about 30° south in South America.41 Certain species dominate particular regions. For example, in Africa, the three prevalent species are Anopheles arabiensis, An. funestus and An. gambiae. An. messeae is widely distributed across a broad swathe of territory in northern Europe and northern Asia from the Atlantic coast in Norway to the Pacific coast of Russia.42
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Figure 1.5: Global distribution of anopheline mosquito species that bite humans. (Derived from a diagram of the US Centres for Disease Control and Prevention [CDC]. The original map was produced by Anthony Kiszewski, Andrew Mellinger, Andrew Spielman, Pia Malaney, Sonia Erlich Sachs and Geoffrey Sachs in their article ‘A global index representing the stability of malaria transmission’, in American Journal of Tropical Medicine and Hygiene 70 [5], 2004.)


In Australia An. farauti is the dominant species. It is distributed along the entire north coast from Broome in Western Australia to Townsville, some 2,600 kilometres to the east in Queensland. An. farauti, however, is not a single species but a set of eight different but morphologically very similar ‘sibling’ species indigenous to Papua New Guinea, the Solomon Islands and Australia.43 An. farauti was probably the culprit in the periodic epidemics of malaria in northern Australia between the early decades of European settlement and the mid-twentieth century.


The WHO declared Australia to be free of malaria in 1981.44 Occasionally, however, when infected overseas travellers return to Australia, female An. farauti mosquitoes have bitten them and then transmitted malaria to others, causing minor epidemics.45 One such mini-epidemic occurred at Noah Beach in far north Queensland in October 2002, when six campers there were treated for vivax malaria.46


In addition to An. farauti, nine other anopheline species are indigenous to Australia. All six Australian States and the Northern Territory have indigenous anophelines. Only one, An. annulipes, is found in all jurisdictions.47


Since the early 1970s most cases of malaria in Australia have been instances where citizens have returned home infected after travelling or working in malarious regions elsewhere. The other type of importation has been malaria brought into Australia by immigrants and refugees from malarious nations.48


Distinguishing features
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Figure 1.6: A female Anopheles albimanus mosquito taking a blood meal. A Central American anopheline, her dappled wings and the angle of her body as she feeds indicate her genus. (From the Image Library of the US Centres for Disease Control and Prevention [CDC].)


Anopheles mosquitoes are generally slender and small, measuring only about eight millimetres in length. Several of their characteristic features allow them to be recognised easily at most stages of their development. The most obvious distinguishing feature is the distinctive colouration of their wings, which appear to be dappled because of the presence of discrete patches of black and white scales.49 Unlike other mosquitoes, anophelines rest with their abdomens pointing away at a steep angle from the surface on which they are resting. When biting, the anophelines also point their abdomens upwards at an angle of about 45° to the skin their proboscises have pierced. An important feature of the anophelines is that they are silent biters. The mosquito whose wings make a whining or buzzing sound as it seeks a blood meal will not transmit malaria. The malarial mosquito is the one its victim cannot hear.50


Anopheline life-cycles and habits


Like all mosquitoes, anophelines pass through four developmental stages in their life-cycle.51 The stages are represented diagrammatically in Figures 1.7.52
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Figure 1.7: The four life-cycle stages of anopheline mosquitoes. (Derived from a diagram of the National Malaria Control Programme, published on the aarogya.com website, www.aarogya.com.)


The stages can be summarised as follows:


1.   Egg stage


Female anophelines lay between 50 to 200 eggs on the surface of the water. The eggs remain on the surface supported by floats on each side. The type of water depends on the widely varying preferences of particular species. Some prefer shaded pools under a forest canopy; others like full sunlight and the moving water at stream verges. Some seek rain-filled utensils and receptacles; others are content with puddles where soil has been disturbed, as in footprints and wheel ruts. In warmer climates, hatching may occur in two or three days; in cooler climates it may take up to three weeks.


2.   Larval stage


After hatching, anopheline larvae or ‘wrigglers’ feed on various microorganisms in the water. Anatomically, they comprise a head with mouth brushes used in feeding; a bulbous thorax without legs; and a long, segmented abdomen, on the eighth (last) of which is the single spiracle or breathing aperture. Locomotion is achieved through jerky movement of the whole body aided by the swimming motion of the mouth brushes and a series of hairlike appendages arranged laterally along both sides of the thorax and abdomen. The larvae feed in the surface micro-layer of the water but will dive below the surface if disturbed. They grow rapidly through four moulting phases, with only a day between moults in favourable conditions. After the third moult they feed and grow again before pupating.


3.   Pupal stage


Viewed side-on, the pupa is a comma-shaped organism consisting of a large cephalothorax (merged head and thorax), with the abdomen curled round and extending beneath it. The pupae do not feed but are mobile, coming often to the surface to breathe, which they do through a pair of ‘air-trumpets’ mounted towards the rear of the cephalothorax. If disturbed, they dive and hide. After two or three days the dorsal surface of the cephalothorax splits open, allowing the adult mosquito to emerge. The four stages, from the laying of the eggs to the emergence of the new adults usually extends across seven to 21 days. Temperature also exerts an influence, because in warmer climates the process is faster and in cooler climates it is slower.


4.   Adult stage


Like all mosquitoes, the anopheline adult comprises three sections— head, thorax and abdomen. The head is equipped for obtaining sensory information and feeding. It contains a pair of large composite eyes, a pair of long segmented antennae, a pair of palps and the proboscis. The antennae help the mosquito detect host odours and warmth as well as find breeding sites where the eggs will be laid. The palps also assist with sensing, while the proboscis contains the mouth parts used in feeding and to pierce the skin and penetrate the capillaries of the hosts. The thorax is the centre for locomotion: attached to it are the six legs and two wings. The segmented abdomen contains the specialised organs for digestion and egg production. It swells appreciably when the female sucks in a blood meal, which she digests to obtain the protein required for the growth of her eggs that fill her abdomen as they develop.


Mating occurs soon after the emergence of the new adults. In most anopheline species the males form breeding swarms. The females fly into the swarms to mate. A female is impregnated only once because the male completes copulation by injecting a plug of sealing substance to block her genital passages to prevent sperm entering from any subsequent copulations. She stores the sperm she has received, using it for later egg production.


The female anopheline mosquito requires a blood meal for each batch of up to about 200 eggs that she produces. To ensure that the blood flows freely, she injects some saliva, which has anticoagulant properties, into the puncture she makes with her proboscis. If she is already Plasmodium-infected, her saliva will contain sporozoites which will enter her host’s bloodstream with the saliva. If she is not yet ‘loaded’, i.e. a host to the parasites, she soon will be if the host she is biting is malarially-infected because the blood she ingests will contain plasmodial gametocytes. After the meal she rests while digesting the blood and allowing her eggs to develop. As she rests, the parasites she has ingested are reproducing in her gut.


The anophelines that bite humans generally seek their blood meals at night, when their hosts are conveniently asleep. The females’ sensory organs enable them to locate their hosts by smell and body warmth. They are able to fly a kilometre or more in one night, invading isolated dwellings or entering towns and urban housing, where they will lay their eggs in drains, wells and water-filled receptacles.


Anophelines reproduce at high rates. Male anophelines live for only about a week, but the females live for a month and up to 10 weeks or more in ideal conditions. In that time a female can produce a new batch of eggs every two or three days. The cycle of egg production continues until she dies. In all, she might lay more than 5,000 eggs. Such great progenerative capacity is a major factor in the reproductive success of the genus Plasmodium.


The life span of the anopheline female is a critical factor in the transmission of malaria. Shortening the lifespan even marginally, for example by using bed nets to prevent her having a blood meal, reduces malaria transmission because of the length of time the parasite takes to develop in the mosquito.


For the Plasmodium genus, time is critical because the intra-anopheline phases of the reproductive cycle entail a major hazard. This is the parasites’ vulnerability to changes in temperature. In colder climates and at higher, cooler altitudes their rate of increase falls because their reproductive process slows down. The cooler the temperature, the slower the maturation of the parasites; and the longer the reproductive process takes, the greater the chance of the anopheline dying before it is complete. The parasites, of course, will die when their host does. Generally speaking, malaria transmission rates increase quickly as ambient temperatures rise. This is why the majority of the regions where malaria is endemic today embrace tropical lowlands.


A cautionary tale: the WHO Global Malaria Eradication Program


The objective of malariological research is to devise strategies for minimising the impact of malaria parasites and for reducing the ability of their anopheline vectors to spread malarial infection. Such strategies are central in the long campaign to defeat malaria.


The WHO was the first international agency to attempt to eliminate malaria. Amidst great fanfare in the years following World War II it adopted its Global Malaria Eradication Program, which it promoted to governments and medical agencies with evangelical fervour.53


The mood of early reports on the program was optimistic. The eradication program seemed likely to succeed later if not sooner. As the 1960s unfolded, however, the campaigns lost momentum. The program had been successful in most temperate countries but once malaria had been defeated in the USA and Europe, motivation and funding fell off. At the same time, drug-resistant strains of Plasmodium emerged and the environmental costs of DDT (dichloro diphenyl trichloroethane) spraying became apparent.


In 1974 the WHO Expert Committee on Malaria reported that since the Global Eradication Program’s inception in 1955, 35 nations with a total population of 193 million people had eliminated malaria. In 66 nations, however, 488 million people were living in malarious areas. Alarmingly the number of people not covered by anti-malarial programs had increased by 36 per cent since 1961.54 The global program was clearly not keeping pace with population growth in regions of malarial endemicity beyond the program’s reach.55


By the 1970s the WHO understood that even though some nations had rid themselves of malaria, others could not. The global program had succeeded in eliminating malaria from particular regions, notably in the previously malarious parts of Europe, North America and Australia.56 Elsewhere, the results were patchy at best. Several populous nations, including India, experienced a rapid decrease in the infection rate followed by large-scale increases after the attempts at eradication ended.57 After persevering with the eradication program for 15 years the WHO eventually admitted defeat and opted for malaria ‘control’ instead of ‘eradication’ in 1969.58


On balance, the WHO program was an overall failure. The reasons for that were many. Firstly, the epidemiology of malaria was perhaps not as well understood during the 1950s and 60s as later.59 Secondly, the huge scale of the effort and the determination needed to rid the world of malaria were not fully appreciated.60 Thirdly, the successes and failures could also be explained by various nations’ levels of economic development. Generally, nations with highly developed economies succeeded; under-developed nations did not. The reasons for failure included a range of social, cultural, political and economic factors. Some countries could not afford sustained expenditures on anti-malarial medications and anti-anopheline insecticides. Poorly developed transport and communication infrastructure impeded others. Political instability, governments’ half-hearted commitment to the program, a dearth of trained personnel and corruption slowed the effort in some. Ill-conceived economic development projects and consequential altered local environments became obstacles in others. Migrant labourers carrying malaria tended to introduce the disease wherever they went to work; and that became an uncontrollable problem for some countries.61


Ironically, in some regions the WHO program resulted in an outcome opposite to what was intended—not eradication but a resurgence in malarial infections, as in India. In many areas where malaria had been controlled, the effort to continue reducing the disease waned. Governments became complacent. Donors who had provided the resources redirected their funds into other worthy aid projects. Malariological research contracted because the expected demise of the disease persuaded trainee scientists to specialise in other fields.62


Disastrously for communities in malarious regions, anti-malarial medication and mosquito eradication had lessened the immunity to the disease they had acquired through repeated infection. At the same time evolutionary dynamics frustrated the program as drug-resistant plasmodial strains and DDT-resistant anophelines emerged. The combined effect of these influences was to allow malaria to return with greater intensity, especially in India, Africa and Papua New Guinea.63


The clinical features and diagnosis of malaria


Malaria is a febrile disease, that is one causing fevers, with sweating and chills. It can and often does, however, reveal itself with many other and often confusing symptoms that may occur singly or in combination. Especially in falciparum malaria, the clinical indicators may include headaches, dizziness, delirium, feelings of anxiety, body and joint aches, anaemia and pallor, enlarged liver and spleen causing pain in the abdomen and chest, convulsions, fluid-electrolyte imbalance, hypoglycaemia, coughing and respiratory distress, pulmonary oedema, jaundice, septicaemia, coma and renal failure.64


In regions where falciparum malaria is endemic, medical practitioners will immediately suspect malaria when such symptoms are present, especially in children.65 Confusingly, the textbook description of malaria might not be apparent in individual cases. Malaria is classically depicted as a febrile disease passing through three stages:


i.    cold stage starting with rigor (chills and shivering) and lasting up to an hour;


ii.  (ii) hot stage, characterised by high temperature, up to 41 degrees Celsius, and lasting up to six hours; and


iii. (iii) sweating stage, when the body sweats profusely as the fever subsides over a period of up to four hours.


Depending on the type of parasite, the three-stage febrile episode is repeated every 48 or 72 hours. Instances in which the classic description is most likely to be seen are in new infections, in people who have not previously suffered malaria.66 Where malaria is suspected, a patient should be admitted to hospital and the diagnosis confirmed. The WHO recommends a detailed and lengthy series of procedures for suspected malaria which are widely advertised on the internet.67


Proof positive of the diagnosis comes through the microscopic examination of the victim’s red blood cells. This is done by collecting a small blood sample, smearing it on a slide so that it can be readily examined, staining it to reveal the parasites and then examining it closely to see if parasites are present in the blood. The blood smears can be ‘thin’ or ‘thick’. Each type has its advantages: thick smears have more blood to examine and therefore are more likely to yield rare parasites; thin smears are more accurate because one can see the morphology and colouring of the parasite more readily than in thick smears. Accurate diagnosis relies on the skill and experience of the laboratory staff, who may have to examine multiple smears in order to find low-level parasitemia.68


Because laboratory-based microscopy is time-consuming and expensive, various non-microscopic tests for malaria parasites have been developed. Among these are the so-called ‘rapid diagnostic tests’ or RDTs, which can detect the presence of parasitic antigens and/or anti-plasmodial antibodies circulating in the blood. A microscopic blood smear testing by an expert microscopist remains the ‘gold standard’ diagnostic tool.69


When blood testing has confirmed the diagnosis, treatment regimens begin. These have changed over time as the parasites have acquired resistance to particular anti-malarial medications. In areas where the parasite is still sensitive to the anti-malarial drug chloroquine, a common course of treatment for vivax malaria during the early twenty-first century comprised the administration of chloroquine at the rate of 25 milligrams per kilogram over 48 hours, continued in low dose for two weeks, plus primaquine for 14 days. The hypnozoite lurking in the liver could only be killed by a prolonged two-week course of a drug such as primaquine.70 For falciparum malaria, the course consisted of suppressive therapy of artesunate plus pyrimethamine or sulphadoxine, or quinine plus tetracycline, plus a single gametocytocidal dose of primaquine. Such treatment is termed combination therapy because several anti-malarial drugs are used to attack different developmental stages of the parasite simultaneously.71


Whatever drug combinations were being used, the therapies were continually evolving. Medical practitioners could rapidly find out the latest advice on treatment by consulting the websites of various ‘clearing houses’ that specialised in collecting and disseminating information about malaria therapy. These included the WHO and the USA Government’s Centers for Disease Control and Prevention.72


Drugs for treating and preventing malaria


Anti-malarial medication is of three kinds: prophylactic, aimed at protecting humans from infection; chemotherapeutic, which pertains to the treatment of people already suffering malarial attacks; and eradicative, aimed at ridding the body of hypnozoites in the liver.


Cinchona ledgeriana


The first efficacious anti-malarial medication was quinine, derived from the bark of the cinchona tree, native to Peru, Bolivia and Ecuador. The bark was generally steeped in water and then drunk as a tea by indigenous Amerindians to ward off and cure fevers. Jesuit missionaries learnt of this practice and took it to Europe.73


In 1820 two French pharmacists, Joseph Pelletier and Joseph Caventou, succeeded in isolating the bark’s active ingredients, two alkaloids they named ‘quinine’ and ‘cinchonine’.74 One of the quinine derivatives, quinine sulphate, came into wide-scale use as a prophylactic in about 1850.75 This of course was almost half a century before the discovery of the parasites producing malaria.


The cultivation of cinchona trees for quinine has a long, intriguing history of its own. A key figure here was Charles Ledger (1818–1905), a Londonborn clerk working for a British firm in Lima, Peru. With the help of his Amerindian servant, Manuel Incra Manami, Ledger identified a species of cinchona yielding high-quality quinine. In 1865 he collected several pounds of seeds of this variety, later named Cinchona ledgeriana in his honour. He sent the seeds to his brother in London.76 Some were then given to the Dutch government, which had them planted in Java. Under cultivation there, the bark yielded a surprising 10 per cent of quinine by weight, or double the amount produced by trees growing in the wild in South America. The Dutch soon had a monopoly over the lucrative world supply of quinine, which they retained until World War II, when the Japanese military forces overran their colonies in present-day Indonesia.77
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