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Preface

In the 1970s and 1980s, in an attempt to focus
world attention on parasitic diseases, the World
Health Organization formed the Tropical Dis-
eases Research Group. Their target was six major
infections that damaged the health of individuals
in developing countries, and five of these six were
parasitic diseases. The Rockefeller Foundation
also identified parasitic infections as a major
target for health improvement for the world
community. They formed a research network to
develop new drugs and vaccines by understand-
ing the pathogenesis of diseases. Its title “The
Great Neglected Diseases Network” emphasised
that, in the post-colonial world, parasitic diseases
were no longer identified by governments and
pharmaceutical companies as important subjects
for medical research. Despite the success of these
two ventures in developing our understanding of
the immunology, molecular biology and poten-
tial for vaccines and drugs, the position of
parasitic diseases in the world is, if anything,
worse than it was 30 years ago. The territories in
which malaria is endemic have expanded and the
number of cases with it. Malaria causes more
than a million child deaths in Africa every year.
The number of individuals suffering from intest-
inal helminth infections has more than doubled
in the last 50 years and the prevalence of
schistosomiasis is rising. Urbanisation in Brazil,
where more than 80% of the population live in
cities, has resulted in large peri-urban epidemics
of Chagas’ disease and epidemics of visceral
leishmaniasis. This general global deterioration
has occurred in a context where, for many
countries, endemic parasitic diseases are a thing
of the past. In epidemiological terms, parasitic
infections are over-dispersed or, in more every-
day terms, focused in the poorest sector of the
world community.

Globalisation has changed the spectrum of
parasitic infection in clinical medical practice.
Not only has the incidence of disease world-
wide risen, but frequency of travel, migration
and population dispersal due to war has
resulted in individuals presenting with parasitic
infections in locations where these diseases
have become rare. Patients with malaria and
intestinal protozoan and helminth infections
are now an everyday occurrence in family
practice throughout the world. The diagnosis
of parasitic diseases has also become an every-
day component of medical laboratory practice
worldwide.

The HIV pandemic has also had a potent
influence on the spectrum of parasitic infections.
A number of organisms that cause disease rarely
have become commonplace. The HIV epidemic
itself was identified through an apparent epi-
demic of Preumocystis carinii infection, at that
time considered to be a protozoan and now
considered to be a fungus. Intractable crypto-
sporidiosis and isosporiasis, and the recognition
of microsporidium infections and cerebral toxo-
plasmosis, have all been consequences of severe
immunocompromise secondary to HIV infection.
Visceral leishmaniasis, too, has been recognised
as a major opportunistic disease in HI'V-infected
individuals in Southern France and Italy.

New technologies have increased our ability to
investigate parasitic diseases and to understand
the biology of the organisms and the hosts’
immune response to them. Developments in
immunology and molecular biology have enabled
diagnostic laboratories to improve the diagnosis
of parasitic infections through enzyme-immu-
noassays and DNA amplification techniques.
Genome sequence programmes are under way
for parasites, including malaria, Leishmania and
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amoebas and these may lead to the identification
of new virulence determinants, or targets for
chemotherapy or vaccine development. Although
new treatments and vaccines have progressed
more slowly than in other infection disciplines,
effective chemotherapy is now available for
almost all parasitic infections.

An international panel of authors have drawn
together their experience and understanding of
parasitic infections. The chapters contain a
clinically orientated overview of all the major

parasitic infections in medical practice. The
editors hope that those who read and use this
book will develop their clinical diagnostic and
therapeutic skills, and that these skills will be
used for the benefit of those who most need
them—the people who are often the poorest in
the world community.

Stephen H. Gillespie
Richard D. Pearson
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History of Parasitology

G. C. Cook
The Wellcome Trust Centre for the History of Medicine at UCL, London, UK

INTRODUCTION

Many of the larger helminths (e.g. Ascaris
lumbricoides, Dracunculus medinensis and Taenia
spp.) and ectoparasites must have been visualised
in ancient times (Foster, 1965)—in fact, since Hono
sapiens first became aware of his immediate
environment. D. medinensis was certainly recog-
nised on the shores of the Red Sea in the pre-
Christian era. The first clear documentation of
these organisms is to be found in the Papyrus
Ebers (c. 1550 BC) and other ancient Egyptian
writings (Nunn, 1996); these writers were also
aware of Schistosoma spp., which remain to this
day a major scourge of that country. Aristotle
was familiar with helminths involving dogs, fish,
and pigs (Cysticercus cellulosae) (Foster, 1965);
the presence of this latter helminth in the tongues
of pigs is alluded to in a comedy (The Knights) by
Aristophanes. Galen (AD 131-199) recognised
three human (macro)parasites: A. lumbricoides,
Taenia spp. and Enterobius vermicularis.
Aretaeus the Cappodocian (AD 81-138) was
apparently familiar with human hydatidosis.
The Arabs seem to have added little (if
anything) of importance to existing knowledge
of human parasitoses; they, too, were familiar
with D. medinensis. A twelfth century nun,
Hildegardis de Pinguia, recognised the ecto-
parasite (a mite) causing scabies (Foster, 1965).
The first fluke to be well documented was
Fasciola hepatica; this was accurately described

by Anthony Fitzherbert (1470-1538) in 4 Newe
Treate or Treatyse most Profytable for All
Husbandemen in 1532.

Helminths were in some cases considered to
improve the health of an infected individual
(Foster, 1965); the ancient Chinese, for example,
believed that a man should harbour at least three
worms to remain in good health, and in eight-
eenth century FEurope many regarded the
presence of ‘worms’ in children as being bene-
ficial to their health. By contrast, there were
reports of fanciful or imaginary worms causing
all manner of disease(s); parasites were in fact
implicated in the seventeenth century in the
aetiology of many diseases, including syphilis
and plague.

The Doctrine of ‘Spontaneous Generation’

From ancient times until the mid-nineteenth
century, there was a widespread belief that
parasites arose by ‘spontaneous generation’—
either on or in the human body (Foster, 1965),
that was part of a much broader hypothesis
which held that all living things arose in this
manner. In the seventeenth century, William
Harvey (1578-1657) cast doubt on this doctrine
and Jan Swammerdam (1637-1680) was firmly
of the opinion that it did not occur. Antony
van Leeuwenhoek (1632-1723) did not consider
that weevils spontaneously generate in corn

Principles and Practice of Clinical Parasitology
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seed, and Francesco Redi (1626-1697) dis-
proved the widely-held contemporary view
that flies arise spontaneously from meat. By
carrying out careful dissections of A. [umbri-
coides, Edward Tyson (1650-1708) showed
there were two sexes and that in fact they
multiplied by sexual reproduction; like most
contemporaries, however, he believed that the
original parasites arose by ‘spontancous gen-
eration’. Georges Leclerc, Comte de Button
(1717-1788) and Albrecht von Haller (1708-
1777) undoubtedly believed in ‘spontaneous
generation’ and, as late as 1839, the anatomist
Allen Thompson (Foster, 1965) wrote that this
form of generation was ‘to be looked upon as
no more than an exception to the general law
of reproduction . Two distinguished
parasitologists of the Ilater eighteenth cen-
tury—Marcus Bloch (1723-1799) and Johan
Goze (1731-1793) (see below)—both believed
that parasites were ‘inborn’ in their hosts. V. L.
Brera (1772-1840), professor of medicine at
Pavia, wrote in 1798 that he was opposed to
the idea of spontancous generation; although
believing that worms develop from eggs
ingested with food, he considered that this
occurs only in individuals whose constitution is
favourable to the worm, i.e. that a ‘host-factor’
has a significant role in the parasite-host
equation. The ‘doctrine of spontaneous genera-
tion of parasites’ was not finally abandoned
until late in the nineteenth century (Foster,
1965).

ORIGINS OF THE
SPECIALITY—PARASITOLOGY

The Italian, Redi (see above) has perhaps the best
claim to the title, ‘father of parasitology’: he
wrote Osservazioni intorni agli animali viventi che
si trovano negli animali viventi, and was especially
interested in ectoparasites (Foster, 1965), parti-
cularly lice, although in his classical text he also
described dog and cat tapeworms, and had in
1671 produced an illustration of Fasciola
hepatica. Another early text was that due to
Nicolas André (1658—-1742), De la génération des
vers dans le corps de 'homme (1699); he was the
first to illustrate the scolex of a human tape-

worm—Taenia saginata. He also associated
worms with venereal disease(s) but apparently
doubted a cause—effect relationship (Foster,
1965). André considered that predisposing fac-
tors (to infection) were bad air and bad food
(both of which contained ‘seeds of worms’) and
overindulgence in food.

One of the most influential figures in eight-
eenth century parasitology was Pierre Pallas
(1741-1811), whose other major interest was
exploration (of the Russian Empire) (Foster,
1965); after graduation at Leyden in 1760, he
wrote a thesis, De infestis viventibus intraviventia.
He also wrote a zoological text, Miscellanea
zoologica, in which he concentrated on bladder
worms—all of which, he considered, belonged to
a single species, Taenia hydatigena.

Goze (see above), an amateur naturalist,
made several important contributions to hel-
minthology; his monumental Versuch einer
Naturgeschichte der Eingeweidewiirmer tierischer
Korper was published in 1787. He discovered
the scolex of Echinococcus spp. in hydatid
cysts. Bloch (a doctor of medicine in Berlin) (see
above), whose prize-winning essay Abhandlung
von der Erzeugung der Eingeweidewiirmer was
published in 1782, was the first to draw attention
to the hooklets on the head of the tapeworm.

The Nineteenth Century

This century saw several important texts on
helminthology. Brera (see above) (at Pavia,
where he had access to Goze’s fine collection of
helminths) poured scorn on the idea that the
presence of worms was either necessary for, or
contributed to, health. However, like others
before him, he confused the two species of
human tapeworm—7aenia solium and T. saginata.
Despite Brera’s contributions, Carl Rudolphi
(1771-1832), the foremost parasitologist of his
day, contributed the most important parasitolo-
gical work of the early nineteenth century. He
utilised the microscope for histological studies,
and his scholarly two-volume work Entozoorum
sive vermium intestinalium historia naturalis
(1808), together with Entozoorum synopsis cui
accedunt mantissa duplex et indices locupletissima
(1819), substantially increased the list of known
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parasites. Other important texts about this time
were due to J. S. Olombel (Foster, 1965) in 1816,
and Johann Bremser (1767-1827) in 1819.
Another parasitologist of distinction in the
early nineteenth century was Félix Dujardin
(1801-1860); in 1840 he was appointed to the
chair of zoology at Rennes, and was the first
worker to appreciate that trematodes and ces-
todes pass part of their life-cycle in an
intermediate host, and that ‘bladder worms’ are
part of the life-cycle of tapeworms; these
observations were regrettably not published. He
also introduced the term ‘proglottis’ (a segment
of the tapeworm). His major parasitological text
was Histoire naturelle des helminthes ou vers
intestinaux (1845).

Early English Texts on Parasitology

At the outset of the nineteenth century there was
virtually nothing written on this subject in
English, nearly all work emanating from main-
land Europe. Matthew Baillie (1761-1823) had
included relevant passages in Morbid Anatomy of
Some of the Most Important Parts of the Human
Body (1793); he noted that tapeworm infections
were uncommon in Britain (Foster, 1965). In the
1840s several continental works on helminthol-
ogy were translated into English, most by George
Busk FRS (1807-1886) Surgeon to The Seamen’s
Hospital Society (Cook, 1997a) and issued by the
Ray Society; in 1857, the Sydenham Society
published two volumes which contained transla-
tions of Manual of Animal and Vegetable
Parasites (by Gottleib Kiichenmeister, 1821—
1890), and Tape and Cystic Worms (by Carl
von Siebold, 1804-1885). However, the Ray
Society had already published On the Alternation
of Generations, or, the Propagation and Develop-
ment of Animals through Alternate Generations
(1845) (Figure 1.1) by the Danish naturalist
Johannes Steenstrup (1813-1897); in Chapter 4
of this seminal text he described cercariae
(liberated by fresh-water molluscs) which
remained encysted for several months and con-
tained the parasitic fluke Distoma. Steenstrup
had therefore elucidated, and published, the
complete life-cycle of one species of liver

fluke—thus illustrating his hypothesis of the
‘alternation of generations’.

Emergence of Thomas Spencer Cobbold
(1828-1886)

Until the 1860s, parasitology was virtually
neglected in Britain; during his lifetime, Cobbold
became the major British authority on the subject.
The son of a Suffolk clergyman (Anonymous,
1886), he served an apprenticeship with a
Norwich surgeon, J. G. Crosse; after a few
months of postgraduate study in Paris, he
returned to the anatomy department of John
Goodsir at Edinburgh, where he studied com-
parative anatomy, and observed many animal
parasites, including Fasciola gigantica in the
giraffe. In 1857, he obtained the post of Lecturer
in Botany at St Mary’s Hospital, London and in
1861 he was appointed to a lectureship at the
Middlesex Hospital; in 1864 he was elected FRS,
and in 1873 he obtained the post of professor of
botany and helminthology at the Royal Veter-
inary College, London. In 1864, he published
Entozoa, an Introduction to the Study of
Helminthology; this book and its successor
(Figure 1.2) contained a detailed account of all
the (known) parasites to affect Homo sapiens.
Following publication of this text (which had
many enthusiastic reviews), Cobbold set up as a
physician with a specialist interest in parasitic
disease. Due to his, by then, worldwide reputa-
tion, he presented, on behalf of Patrick Manson
(1844-1922; Figure 1.3) the discovery of the
development of ‘embryo’ filariae (microfilariae)
in the body of the mosquito, to the Linnean
Society of London on 7 March 1878. In 1879 he
published Parasites: a Treatise on the Entozoa of
Man and Animals including Some Account of the
Ectozoa.

Other European Contributions in the
Nineteenth Century

A French parasitologist (primarily a general
practitioner), who is now largely forgotten, was
Casimir Davaine (1812—1882); he wrote extensively
on anthrax—before Robert Koch (1843-1910) and
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THROUGH ALTERNATE GENERATIONS:
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BY
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Fig. 1.1 Title page of Steenstrup’s text, published in 1845. This, for the first time, linked the adult parasite with its intermediate
(cystic) form
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ENTOZOA

BEING A
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TO THE

INTRODUCTION TO THE STUDY OF

HELMINTHOLOGY

BY
T. SPENCER COBBOLD, M.D., F.R.S,,

CORRESPONDENT OF THE ACADEMY OF SCIENCES OF PHILADELPHIA.

LONDON
GROOMBRIDGE AND SONS
5, PATERNOSTER ROW.
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Fig. 1.2 Title page of Cobbold’s text. Published in 1869, this formed a supplement to his major text of 1864
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Fig. 1.3 Patrick Manson (1844-1922), who discovered the man-mosquito component of lymphatic filariasis, and founded (with
the Rt. Hon. Joseph Chamberlain) the formal discipline of tropical medicine

Louis Pasteur (1822-1895), as well as on many
other aspects of science, including fungus diseases
of plants, the development of the oyster, the
science of teratology, the movement of leucocytes,
and investigations involving: rotifers, nematodes
and infusoria. His work, in fact, gives a very full
account of the state of parasitology in the mid-
nineteenth century. He described Pentatrichomo-
nas hominis and Inermicapsifer madagascariensis,
and first advocated the widespread diagnosis of
intestinal helminthiases by examination of faecal
samples (1857). He also demonstrated that the eggs
of A. lumbricoides remain infective for long periods
of time in a damp environment. However, his

major contribution to parasitology was Traité des
entozoaires et des maladies vermineuses de I'homme
et des animaux domestiques (1860); although
records of the various species are brief, this text
contains excellent illustrated descriptions.

DEVELOPMENT OF HELMINTHOLOGY

Dracunculus Medinensis

The first description of this helminthic infection
has been attributed to Moses in the Book of
Numbers (Foster, 1965); the Israclites were at
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that time living in the Gulf of Akaba. The
Papyrus Ebers (Nunn, 1996) also describes
probable dracontiasis; there were also several
convincing reports during the Middle Ages.
However, the first scientific descriptions were by
British Army medical officers serving in India
during the early years of the nineteenth century
(Foster, 1965), suggesting that the infection was
acquired from contaminated drinking water,
which was at this time aired but not proved!
Williams Scott (Foster, 1965), Surgeon to the
First Battalion Madras Artillery, confirmed the
observation that the female worm emerges when
the affected limb is immersed in water. In
England, George Busk (see above) documented
the anatomy of the parasite on the Dreadnought
Hospital-ship at Greenwich, but he was not able
to enlarge upon its life-cycle. Cobbold (see
above) in his Entozoa (1864), summarised what
was then known of this helminth. The role of
Cyclops in transmission to man was suggested by
Karl Leuckart (1822-1898) and later confirmed
by Aleksei Fedschenko (1844-1873) in Turkestan
in 1869. These observations were later corrobo-
rated by Manson (see above) in 1894, using
larvae from a patient with this infection who was
under his care at the Albert Dock Hospital,
London. Richard Charles (1858—1934), working
at Lahore, was probably the first to visualise the
male worm. Details of the life-cycle were
elucidated by Robert Leiper (1881-1969) and
Manson in the early twentieth century, but the
actual site of copulation and the fate of the male
worm apparently remain a mystery to this day
(Foster, 1965).

The Hookworms

An early description of hookworm disease is to
be found in the Papyrus Ebers (Foster, 1965); the
ancient Chinese were also familiar with this
infection. Lucretius (dates unknown) during the
first century BC pointed to skin pallor, which was
common in miners. The first modern reports
which date back approximately 200 years, refer
to the disease in Negro slaves to the West Indies;
however, confusion with the anaemia associated
with Plasmodium sp. infection had arisen. The
discovery of Ancylostoma duodenale was made in

1838 and was recorded by the Milanese physician
Angelo Dubini (1813-1902) in 1843. This hel-
minth was next recorded in Egypt by Franz
Pruner-Bey (1808-1882) in Die Krankheiten des
Orients vom Standpunkte der vergleichenden
Nosologie betrachtet (1847). Severe anaemia was
first attributed to A. duodenale infection by
Wilhelm Greisinger (1817-1868) and Bilharz
(see below) in 1853. This work was confirmed
by Otto Wucherer (1820-1873) in 1866; he had
attended a Negro slave in Bahia who died,
probably as a result of anaemia, and at post
mortem his duodenum contained numerous
A. duodenale. He then carried out similar inves-
tigations on a further 20 patients at the General
Infirmary, Bahia. His results were corroborated
by several helminthologists, including Cobbold
(see above). Battista Grassi (1854-1925) demon-
strated, in 1878, that infection could be
diagnosed by examination of a faecal sample.
In 1880, during construction of the St Gotthard
tunnel, this infection was often diagnosed by
Edoardo Perroncito (1847-1936), Professor of
pathology at Turin; this finding was also made at
several other mines throughout Europe, includ-
ing the Cornish tin-mines, as shown by J. S.
Haldane (1860-1936) and A. E. Boycott (1877—
1938). As a result of a preventive campaign, the
infection in German mines diminished from 13%
to 0.17% between 1903 and 1914. Arthur Looss
(1861-1923) of Leipzig, around the turn of the
century, showed that human infection occurred
via intact skin (not orally, as had been previously
supposed); he accidentally contaminated his
hand with a culture of 4. duodenale larvae and
this was followed by excretion of eggs in his own
faeces. Following confirmation of the finding, he
published a monograph on the subject. In 1902,
Charles Bentley (1873-1949), working in an
Assam tea plantation, confirmed these results,
describing ‘ground itch’ for the first time.
Knowledge of the life history of 4. duodenale
pointed the way to prevention of the disease and
initiated the Rockefeller Foundation’s initiative
on prevention of infection by this helminth in
Puerto Rico: this project subsequently involved
all of the southern states of the USA and had
international ramifications. The original anthel-
mintic was of only limited value; thymol was
used by Perroncito (see above) and Camillo
Bozzolo (1845-1920) about 1880; this agent was
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soon followed by oil of chenopodium (1915),
carbon tetrachloride, tetrachlorethylene and hex-
ylresorcinol.

There is only limited work, historically, on
Necator americanus, the other form of human
hookworm infection.

Trichinosis

Friedrick Tiedemann (1781-1861) was probably
the first investigator in recent times (1822) to
record Trichinella (nematode) larvae in human
muscle. On 2 February 1835, James Paget (1814—
1899) (a 21 year-old medical student) noted small
‘specks’ in the muscles of a post-mortem subject;
he reported these observations at a meeting of the
Abernethian Society on 6 February. On 24
February, Richard Owen (1804-1892) claimed
priority for this discovery at the Zoological
Society of London; he first used the name
Trichina (later changed to Trichinella) spiralis.
Disease (‘acute rheumatism’) caused by this
parasitic nematode was first recorded by Henry
Wood of Bristol in 1835 (Foster, 1965). The next
major advance was by Arthur Farre (1811-1887),
who showed in the same year that the parasite
had a complex internal arrangement, including a
digestive tract; these observations were subse-
quently expanded by Hubert von Luschka (1820—
1875) of Tiibingen in 1850, and Ernst Herbst of
Gottingen (1803—-1893) in 1851. That the infec-
tion is caused by ingestion of raw or
undercooked pork [‘measly’ pork had been
identified by Aristotle (384-322 BC)] was docu-
mented by Leuckart (see above), Rudolph
Virchow (1821-1902) and Friedrich Zenker
(1825-1898); this gave rise to the widespread
view that other febrile illnesses might be a result
of (micro)parasitic infections. Several outbreaks
of disease in the European mainland were traced
to contaminated pork, but the disease has fortu-
nately remained rare in Britain (Cook, 2001).

Lymphatic Filariasis (Including
Elephantiasis)

A seminal discovery by Manson (later to become
the ‘father of modern tropical medicine’), which

delineated the man—mosquito component of the
life-cycle of Wuchereria bancrofti (the major
causative agent of lymphatic filariasis), had a
profound impact on the development of clinical
parasitology and hence tropical medicine (Cook,
1993a). This observation was superimposed upon
an expanding interest at the time in natural
history, evolution and bacteriology. Also, the
resultant disease, elephantiasis, which affects a
minority of those affected, is clinically (and in the
eyes of the layman) one of the most spectacular
of human (tropical) diseases; W. bancrofti has a
geographical distribution which involves tropical
Africa, middle and southern America, the Indian
subcontinent, and much of south-east Asia;
however, a related species, Brugia malayi, is
also important in southern India and south-east
Asia. Fortuitously, these nematode helminths are
common in that part of China (Amoy and
Formosa) in which Manson served with the
Imperial Maritime Customs in the latter half of
the nineteenth century (Cook, 1993a).
Demonstration of minute thread-like ‘worms’
or ‘embryos’ (microfilariae) in chylous fluid was
initially due to Jean Demarquay (1814-1875) in
1863 (a Frenchman working in Paris, he
demonstrated these ‘embryos’ in hydrocele
fluid derived from a patient who originally
came from Havana, Cuba). In 1866, Wucherer
(see above) (of German ancestry but born in
Portugal), working at Bahia, Brazil, and totally
unaware of this discovery, recorded these
worms in a urine sample (Cook, 1993a).
Demarquay and Wucherer’s observations were
confirmed by, amongst others, Timothy Lewis
(1841-1886) in 1870 (Grove, 1990). In 1872, the
same investigator (in a more important com-
munication)—who was incidentally to die of
pneumonia at the ecarly age of 44—described
‘embryos’ of Filaria sanguinis hominis in the
peripheral blood of a patient at the Medical
College Hospital in Calcutta. Joseph Bancroft
(1836-1894), working in Queensland, then
proceeded, in 1876, to demonstrate adult
forms (Filaria bancrofti) of this helminth in
lymphatic vessels. This observation was com-
municated to The Lancet by Cobbold, by then
undoubtedly the foremost British helmintholo-
gist of his day (see above), in 1877; the work
was later confirmed independently by Lewis (see
above), in India (Foster, 1965; Cook, 1993a).
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Between 1876 and 1897, Manson made a series
of observations, the most important of which was
the demonstration of the man-mosquito compo-
nent of the life-cycle of this helminth (see above).
After ascertaining that his gardener, Hin-Lo, was
heavily infected with ‘embryos’ of Filaria sangui-
nis hominis, he undertook an experiment (on 10
August 1877) in which he attracted Culex
mosquitoes by means of candles into a hut in
which the gardener was sleeping; when there were
many, he closed the door. The following morn-
ing, dissection of the mosquitoes revealed
plentiful ‘embryos’ of the parasite; this work
was published in China, in 1877 (Cook, 1993a).
In 1880, Manson demonstrated the diurnal
periodicity of the ‘embryos’, i.e. they appeared
in the peripheral blood solely at night. By means
of a series of painstaking dissections, he demon-
strated (in 1884) the development of the
‘embryos’ in Culex spp. The fact that they
migrate to the lungs during the course of the
day was not established until 1897, again by
Manson, when resident in London; a post
mortem examination on an infected patient who
had died suicidally as a result of prussic acid
poisoning, showed numerous ‘embryos’ in pul-
monary tissue.

Manson, like most others at this time, felt
reasonably certain that man contracted lympha-
tic filariasis by ingesting water that had been
contaminated by infected mosquitoes. In this,
Manson was probably led astray by a book he
had consulted on natural history, which stated
that, once their eggs were laid, mosquitoes
rapidly die in water; in fact, they live for several
weeks after this event! This belief survived for 20
years after Manson’s original discovery implicat-
ing the mosquito as the intermediate host. The
demonstration of the mosquito-man component
of the life-cycle was due to George Carmichael
Low (1872-1952) (Cook, 1993b). Manson had
sent Low, who had recently joined the staff of the
London School of Tropical Medicine (LSTM) to
Vienna and Heidelberg to learn a new technique
for sectioning mosquitoes in celloidin; previously
used methods had been unsatisfactory. When
Low returned to London in 1900, Manson had
recently received a batch of mosquitoes preserved
in glycerine from Thomas Bancroft (1860-1933)
(son of Joseph Bancroft) of Brisbane. On
sectioning these Low was able to demonstrate

microfilariae in the entire proboscis sheath
(pushing forward between the labium and
hypopharynx) of the mosquito (Cook, 1993a).
Shortly afterwards, this work was confirmed by
Sydney Price James (1872-1946), working at
Travancore, India. In 1900, Grassi (see above)
demonstrated transmission of embryos of Filaria
immitis (a dog parasite) by anopheline mosqui-
toes (Foster, 1965). The complete cycle of this
helminthic parasite had also been completely
elucidated.

Thus, for the first time, the complete life-cycle
of a vector-borne parasitosis affecting Homo
sapiens had been delineated. This series of
observations paved the way for the subsequent
demonstration of vector transmission of
Plasmodium spp. and many other ‘tropical’
infections (not all parasitic in nature).

The Tapeworms (Cestodes)

Although the two forms—adult and cystic
(larval)—of these common human cestodes,
Taenia solium and T. saginata, had been recog-
nised for many centuries, it was not until the mid-
nineteenth century that they were shown to
represent different stages of individual life-cycles.
Until then, therefore, these two stages had been
considered separately.

That tapeworms were in fact animals was
accepted by Hippocrates (c. 470—. 400 BCQ),
Aristotle and Galen. Edward Tyson (see above)
was the first to make a detailed study of adult
tapeworms (he demonstrated that the head end
was more narrow); his observations were pub-
lished in the Philosophical Transactions of the
Royal Society for 1683. That there were two
distinct species to affect man was not suspected
until the late eighteenth century, by Goze (see
above). The difference between their scolices had
been recognised by Kiichenmeister (see above),
in 1853. Rudolphi (see above), showed that
T. solium was the most common in Berlin,
while Bremser (see above) maintained that in
Vienna, T. saginata predominated. Only in the
late eighteenth century was it appreciated that
the segmented contents contained large ovaries,
as stated by Bloch. R. Leuckart, in about 1860,
made further advances concerning the adult
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worms; he described the generative apparatus in
detail in Parasites of Man (1862).

The history of the cystic (bladder or larval)
forms must be traced separately prior to the mid-
nineteenth century. This ‘stage’ was apparent to
the ancients; Aristotle, for example, compared
the cysts in pigs to hailstones; Aristophanes,
Hippocrates, Galen and Aretacus were also
familiar with these ‘bladder’ forms. Any cystic
swelling was in fact called a ‘hydatid cyst’
throughout these years, although their nature
was totally unknown. Towards the end of the
seventeenth century, the animal nature of the
cysts was first recorded; this fact was first
published by Redi (see above) in 1684 although
this did not become widely accepted until the
early eighteenth century. The finding, together
with those of at least two other investigators,
remained generally unknown and was rediscov-
ered by Tyson (see above) in 1691. The Swiss
physician, Johann Wepfer (1620-1695) described,
also in the seventeenth century, Cysticercus
fasciolaris of the mouse and cysticerci in the
brain of sheep. Pallas (see above), in 1760, con-
sidered that all cystic worms from different
animals belonged to a single species,
‘T. hydatigena’.

Goze in his Versuch einer Naturgeschichte der
Eingeweidewiirmer tierischer Korper (1782), dis-
covered the relation of the Echinococcus cyst to
its tapeworm; however, it was not until
Steenstrup’s publication (see above) that the
truth became readily apparent. The German
helminthologist von Siebold (see above) held
that the cystic worms were ‘undeveloped and
larvae-form tapeworms’.

But how did man become infected with tape-
worms? Kiichenmeister (see above) performed in
1854 an experiment on a murderer who was
condemned to death; he fed him numerous
cysticerci 3 days prior to execution, and at post
mortem 10 young tapeworms (4.8 mm in length)
were apparent in the lumen of his small intestine.
He performed a similar experiment a few years
later, but this time the prisoner was executed
after 4 months; by this time 19 well-developed
adult tapeworms were present at post mortem
in the small intestine. Further work by
Kiichenmeister involved T. coenuris. The develop-
ment of cysticerci from eggs was first observed by
Stein (1818-1885) at Prague (Foster, 1965).

Towards the end of 1853, Pierre van Beneden
(1809-1894) showed that after oral administra-
tion of 7. solium proglottids to the pig,
Cysticercus cellulosae developed.

From a public health viewpoint, J. L. W.
Thudicum (1829-1901), appointed by the Privy
Council in 1864, carried out extensive inspections
for ‘measly’ meat at London’s meat markets.
Tapeworm infection was a major problem in
British troops in nineteenth-century India, up to
one-third of whom harboured T. saginata.

Recorded deaths from hydatid disease in
England and Wales between 1837 and 1880
were always <60 annually; sheep were, however,
commonly affected. In the mid- and late nine-
teenth century, hydatid disease was common in
Iceland and Australia (especially Victoria).

Diphyllobothrium  latum  was  originally
described by two Swiss physicians, Thadeus
Dunus (Foster, 1965) and Felix Plater (1536—
1614) of Basle, Switzerland.

The Liver Fluke (Fasciola Hepatica)

This trematode has been known to infect sheep
from medieval times; it was in fact mentioned in
a fourteenth century French text (Foster, 1965).
The first illustration was by Redi (see above) in
1668. Van Leeuwenhoek (see below) was of the
opinion that sheep swallowed the flukes in water,
and that they then migrated into the biliary tract.
Carl Linnaeus (1707-1778) named the parasite
Fasciola hepatica but regarded it as a fresh-water
leech that had been swallowed accidentally; not
until 1808 did Rudolphi (see above) separate the
flukes from the leeches, thus creating the class of
trematodes (flat worms with ventral suckers),
classification of which was based on the number
of suckers—monostomes, distomes, etc. In the
late eighteenth century, cercariac were clearly
recognised, and in 1831, Karl Mehlis (Foster,
1965) visualised the hatching of a trematode with
liberation of the ciliated miracidium; shortly
afterwards (in 1837) Friedrich Creplin (Foster,
1965) visualised the ciliated miracidium of
F. hepatica. Following Steenstrup’s text of 1842
(see above) it seemed probable that a mollusc
formed the intermediate host of this fluke; this
was shown to be Limnea truncatula by David
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Weinland (Foster, 1965) in 1874; although
correct, this view was not immediately accepted.
A. P. Thomas (Foster, 1965) at Oxford finally
confirmed this fact, and published his results in
the Journal of the Royal Agricultural Society for
1881. Simultaneously, Leuckart (see above), also
in 1881, published observations that also showed
this to be the case; in fact, his publication
appeared 10 days before that of Thomas. Thus,
the entire life-cycle of F. hepatica outside its
definitive host had been worked out. In 1892,
Adolpho Lutz (1855-1940), a pupil of Leuckart,
demonstrated that herbivorous animals become
infected by eating encysted worms and, to
complete the story, in 1914 the Russian parasitol-
ogist Dimtry Sinitsin (1871-1937) demonstrated
the path taken by the larval fluke from gut to
liver—invading the peritoneal cavity in so doing
(Foster, 1965).

The Schistosomata

In Egypt, disease caused by Schistosoma spp. was
known from ancient times (see above, Cook,
1993a; Nunn, 1996). Endemic haematuria is
mentioned several times in the medical papyri,
and calcified eggs have been identified in
Egyptian mummies dating from 1200 BC. The
first Europeans known to be affected (suffering
from haematuria) were soldiers of Napoleon’s
stranded army in 1799-1801.

Theodore Bilharz (1825-1862), a German
parasitologist, discovered the parasite, Distomum
spp. responsible for Egyptian haematuria on 1
May 1851; some 30-40% of the local population
was infected, more commonly men than women.
Meanwhile, Cobbold (see above) had described
an identical worm (subsequently named
Schistosoma haematobium) in an ape dying in
the gardens of the Zoological Society, London.
John Harley (who lacked tropical experience)
gave an account of his findings of a supposed
new parasite, Distomum capensis, in a patient
from South Africa, to the Royal Medical and
Chirurgical Society, London, in January 1864.

In 1870, Cobbold obtained a supply of
Schistosoma spp. eggs from a girl in Natal; he
observed the hatching of the eggs (by no means
the first person to do so), subsequently shown to

be S. haematobium (see below), and noted that
they preferred fresh, brackish or salt water, and
not urine, for this transformation. He was,
however, unable to determine the intermediate
host.

Prospero Sonsini (1835-1901), an Italian
graduate of the University of Pisa working in
Egypt during 1884-1885, again attempted to
elucidate the life-cycle of S. haematobium;
although he did not find a mollusc to support
his observations, he claimed to have achieved
success in Tunis in 1892; these results (in which
he considered that human infection took place
orally) were published in 1893. In 1894, G. S.
Brock (Foster, 1965), working in the Transvaal
and citing circumstantial evidence, suggested that
human infection probably occurred not orally,
but via intact skin whilst exposed to infected
water. Meanwhile, Looss, working in Egypt,
concluded that, in the absence of convincing
evidence of an intermediate host, transmission
must take place from man to man.

Work on other Schistosoma species then came
to the fore. In April 1904, Fujiro Katsurada
(1867-1946) of the Pathological Institute of
Okayama recognised eggs of what came to be
known as S. japonicum in a faecal sample. He
also found similar eggs in the portal system of
two cats from the province of Yamanashi.
Confirmation came from John Catto (1878—
1908), of the London School of Tropical
Medicine, in a Chinese man who had died at
Singapore.

Manson (see above) first drew attention to the
fact that the rectal and vesical forms of the
disease (previously thought to be caused by a
single species) were in fact distinct; he was
convinced by observations on an Englishman
who came from the West Indies (and had never
visited Africa) who passed only eggs with lateral
spines (S. mansoni) in his faeces. That these were
two separate species, S. haematobium and
S. mansoni, was taken up by Louis Sambon
(1866—1931) in 1907, only to be challenged by an
acrimonious correspondence from Looss (who
still considered that S. haematobium and S.
mansoni represented the same species and that
infection occurred directly from man to man).

The complete life-cycle of Schistosoma spp.
was elucidated in mice, using S. japonicum, by
Akira Fujinami (1870-1934) and Hachitaro
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Nakamura (Foster, 1965) in 1910. Shortly after-
wards, Keinosuke Miyairi (1865-1946) and
Masatsugu Suzuki (Foster, 1965) infected fresh
water snails with miracidia, whilst Ogata (Foster,
1965) described the cercarial stage of the parasite.
This work was both confirmed and extended by
Leiper (see above) and Edward Atkinson (1882—
1929); the former also elucidated the life-cycle
of S. haematobium in Egypt in 1915: Bulinus
(S. haematobium) and Biomphalaria (S. mansoni)
were shown to be the intermediate hosts.

DEVELOPMENT OF PROTOZOOLOGY

The development of this discipline was totally
dependent on the introduction of satisfactory
microscopes (Cole, 1926). Although Gesner was
probably the first to visualise a protozoan
parasite in 1565, it was a century later that
Robert Hooke (1635-1703) produced a diagram
in his Micrographia. The birth of protozoology as
a science was, however, due to van Leeuwenhoek
(Dobell, 1932) (Figure 1.4) who, in 1674,
visualised free-living ciliates in fresh water; he
later described cysts of Eimeria stediae in rabbit
bile. In 1680, the same worker observed motile
‘animalcules’ in the gut of a horse-fly, and in 1681
in his own stool; these were almost certainly
Giardia lamblia.

Antony van Leeuwenhoek was born in the
small Dutch town of Delft. Lacking scientific
training, he became a respected local tradesman
(he ran a small haberdashery business) but had
sufficient leisure time to devote to scientific
pursuits. He made his own lenses and micro-
scopes, through which he originally observed
‘animalcules’ in marshy water. Most of his results
were communicated to the Royal Society in
London, to which he was duly elected. van
Lecuwenhoek wrote a great deal, and his last
letter was written in 1723, his 91st year. He was
without doubt the ‘father of protozoology’.

More than 100 years were to pass before
further parasitic protozoa were recorded,
although many free-living forms were described
during this time. The term ‘Protozoa’ was
probably introduced about 1820; shortly after
this C. G. Ehrenberg (1795-1876) and Felix
Dujardin (1801-1860) published important texts

on the subject. Various protozoa of insects and
fish received a great deal of attention at this time.
In 1836, Alfred Donné (1801-1878) discovered
Trichomonas vaginalis and in 1858 a probable
case of coccidiosis, accompanied by a post-
mortem report, was published. Around the mid-
nineteenth century, a number of human intestinal
flagellates were documented, and in 1856 Pehr
Malmsten (1811-1883) of Stockholm, described
what was probably Balantidium coli. The first
major pathogenic protozoan of Homo sapiens to
be described was Entamoeba histolytica, which
was described by Losch (see below) in 1873.

Entamoeba histolytica

James Annesley (1780-1847) of the East India
Company, was aware of two forms of dysentery.
In his classic two-volume work, Researches into
the Causes, Nature and Treatment of the More
Prevalent Diseases of India...(1828) he clearly
differentiated between what were to become
known as amoebic colitis and shigellosis; he
associated the former with hepatic problems
(including ‘abscess of the liver’). Lésch recorded
his observations in Virchow’s Archiv for 1875, but
did not recognise that some E. histolytica were
pathogenic whereas others were not (as later
suggested by Emile Brumpt [1877-1951]), and
furthermore he considered that this organism was
not the cause of dysentery but acted as an
‘irritant’, thus preventing the colonic ulcers
(caused by another agent) from healing. Follow-
ing this observation, Robert Koch (1843-1910),
who was carrying out his researches in Egypt into
cholera in 1883, noted E. histolytica in both the
colon and liver abscess; he was meanwhile too
interested in cholera to pursue this organism, but
his observation acted as a catalyst for Staphanos
Kartulis (1852-1920), who was working in Alex-
andria, and in 1887 demonstrated the organism in
necrotic tissue of a liver ‘abscess’; in 1904, he
published an account of E. histolytica in a
cerebral ‘abscess’. The results of Kartulis’s studies
were published in Virchow’s Archiv and attracted
the attention of William Osler (1849-1919), at
that time working in Baltimore (Cook, 1995).
Heinrich Quincke (1842-1922) and Ernst Roos
(1866-7) meanwhile described the cystic form of
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Fig. 1.4 Antony van Leeuwenhoek (1632-1723), the founder of protozoology, who probably visualised Giardia lamblia in his own
faecal sample. Reproduced by courtesy of the Wellcome Institute Library, London
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this protozoan parasite, which they showed was
infective to cats when given by mouth. At the
commencement of the twentieth century, the role
of E. histolytica in dysentery was far from clear;
however, in 1903 Leonard Rogers (1868—1962)
published a paper from Calcutta, in which he
described how the organism(s) spread from gut to
liver via the portal veins. As late as 1909,
however, Manson was not totally convinced
that E. histolytica was the cause of ‘tropical
dysentery’.

Ernest Walker (1870-1952) working in Manila,
The Philippines, between 1910 and 1913 again
suggested that there were two forms of
E. histolytica, one pathogenic and the other
not. During the First World War (1914-1918),
C. M. Wenyon (1878-1948), working in Alexan-
dria, emphasised the importance of the ‘carrier
state’. Clifford Dobell (1886-1949) published his
classic monograph, The Amoebae Living in Man,
in 1919.

Babesia spp.

Elucidation of the life-cycle of Babesia spp. the
cause of Texas Fever (in cattle) is of interest
(Foster, 1965), although this organism is not of
great practical importance. Theobold Smith
(1859-1934) a pupil of Daniel Salmon (1850—
1914) (of Salmonella fame) together with
Frederick Kilborne (1858-1936), published
Investigations into the Nature, Causation and
Prevention of Texas or Southern Cattle Fever
(1893). The disease seemed to be caused by an
intra-erythrocytic protozoan parasite, a finding
that did not fit into any of the then known
classifications. Furthermore, transmission seemed
to be associated with a tick (Ixodes bovis); details
of the development of the parasite (in the tick)
were not finally worked out until some 40 years
after Smith’s work. In 1888, V. Babes (who in
fact gave his name to babesiosis) had previously
visualised an intra-erythrocytic protozoan in
affected cattle in Romania.

Plasmodium spp. and ‘the Great Malaria
Problem’ (Cook, 1997b)

In the latter years of the nineteenth century, the
cause of malaria (and its treatment) had not

progressed since the introduction of cinchona
bark, a specific for the ‘intermittent fevers’. The
fact that malaria is transmitted by the bite of
mosquitoes had been suspected for many cen-
turies (Cook and Webb, 2000). Mosquito nets
were in fact used in ancient Rome to prevent ‘the
fever’. Furthermore, there are suggestions in
writings over several centuries that the mosquito
was indeed involved; for example, in 1717
Giovanni Lancisi (1654-1720), physician to the
Pope and a professor at the Sapienzia in Rome,
suggested this form of transmission, whilst at the
same time accepting the miasmatic theory for
transmission of disease. In 1716, Lancisi had
demonstrated ‘grey-black pigment’ in malaria
tissue. In 1882, Dr Albert Freeman Africanus
King (1841-1914) read a paper to the Philoso-
phical Society of Washington, suggesting (on
epidemiological grounds) that Plasmodium was
transmitted by the bite of the mosquito. It was
not until 1880 that Alphonse Laveran (1845—
1922), recipient of the Nobel prize for ‘medicine
or physiology’ in 1907 working in Algeria,
demonstrated Plasmodium in the human erythro-
cyte (Bruce-Chwatt, 1988; Cook, 1993a); on 6
November of that year he visualised several long
flagella being extruded from a hyaline body in a
24 year-old artilleryman. In 1885, Camillo Golgi
(1843-1926) was able to show that in malaria,
‘fevers’ correlated with the liberation of mero-
zoites into peripheral blood; he showed
furthermore, that tertian and quartan fevers
were caused by different parasites. Ettore March-
iafava (1847-1935) and Amico Bignami (1862—
1929) were the first to distinguish P. falciparum
from the ‘benign’ malarias. In 1893, Bignami and
Giuseppe Bastianelli (1862-1959) showed, by
inoculating volunteers with blood known to
contain Plasmodium spp., that ‘fever’ was always
caused by the ‘young’ parasite, and never the
‘crescent’ (the sexual form, or gametocyte). By
1890 it was widely accepted that Laveran’s
parasites were the cause of malaria (Cook,
1995).

In three classical Goulstonian Lectures deliv-
ered to the Royal College of Physicians of
London in 1896, Manson (in the light of his
filaria researches; see above) spelled out his
mosquito—malaria hypothesis (which he had
first formulated in 1894) in great depth (Cook,
1993a). This, without doubt, formed the stimulus
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Fig. 1.5 Ronald Ross (1857-1932) who established the role of the mosquito in transmission of Plasmodium spp. and elucidated the
complete life-cycle of avian malaria (Proteosoma spp.) in Secunderabad and Calcutta, India, respectively

for the subsequent researches of Ronald Ross
(1857-1932) (Bynum and Overy, 1998).

Ross (Figure 1.5) had been born in India. His
father, of Scottish descent, was a general in the
Indian Army. Ross first became interested in
malaria in 1889. After discussions with Manson,
who subsequently became his mentor (Bynum
and Overy, 1998), he worked on human malaria
in India; however, he failed to produce infection

in volunteers by the bites of Culex or Aédes
mosquitoes, but demonstrated malaria pigment
in a mosquito at Secunderbad on 20 August 1897
(‘mosquito day’). He was then posted to a region
where he was not able to study human disease,
and therefore turned his attention to avian
malaria (Proteosoma spp., which is transmitted
by the bite of Culex). By a series of careful
experiments begun in 1897, he demonstrated the
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bird—mosquito—bird cycle of this protozoan
parasite in 1898; the culmination of this work
came on 4 July of that year (Bynum and Overy,
1998). These observations were communicated by
Manson to the British Medical Association’s
meeting, held in Edinburgh on 28 July 1898. Also
in 1898 (November—December), Amico Bignami,
Guiseppe Bastianelli and Battista Grassi (see
above) were able to demonstrate the man—
mosquito—-man cycle in a series of experiments
carried out in Italy; this work was confirmed by
Ross in Sierra Leone in 1899. However, because
malaria was endemic in both Italy and Sierra
Leone, neither study could possibly be definitive,
because a new infection might easily have been
introduced. In 1900, Manson initiated two
experiments in order to clinch the man—mos-
quito-man component of the cycle. A team
consisting of Low (see above), Louis Sambon
(1865-1931), Signor Terzi (an artist) and a
servant slept in a mosquito-proof hut in the
Roman Campagna, approximately 8 km from
Rome, for a period of 3 months (19 July-19
October 1900); they lived normal outside lives
during the course of the day, but did not become
infected with malaria. In the second experiment,
it was arranged (with the collaboration of
Bastianelli) to send mosquitoes infected with P.
vivax from Rome to London in a mosquito box
(as late as the 1920s and 1930s P. vivax infection
was common in the Roman Campagna). On
arrival in London, the surviving specimens were
allowed to feed on P. T. Manson (1878-1902)
(Manson’s elder son) and a laboratory technician
(George Warren). In both cases, clinical malaria
developed; the former subsequently experienced
two relapses following quinine chemotherapy.
The two experiments were published, like so
many carly major discoveries in clinical para-
sitology, in the British Medical Journal—for
1900.

Despite his successes, Ross was an extremely
difficult individual with whom to work; evidence
has been summarised by Eli Chernin (Cook,
1993a). For example, Manson was requested to
write a testimonial for a Dr Prout who had
applied for Ross’s post in Liverpool, which had
become vacant in 1912 after his removal to
London. He made two comments to which Ross
took great exception: ‘I sincerely hope that his
appointment may be successful, for it would, if I

may use the expression, make good a defect in
your system of teaching . . .” and, furthermore, ‘A
teacher of Tropical Medicine, to be considered
efficient, should be not only a scientific man, but
one having had extensive experience in tropical
practice’. Manson was, either consciously or
subconsciously, highlighting the fact that Ross
was not a great clinician, even though his
scientific work was satisfactory. As a result,
Ross sought legal advice, the matter being
narrowly resolved without a court case. It
seems exceedingly ungrateful of Ross to have
pursued this libel action against his mentor who
was, in effect, largely responsible for an FRS and
Nobel Prize (Cook, 1993a); however, this merely
reflects the eccentric nature of Ross, who has
variously been described as ° . capable of
magnifying a petty affair out of all proportions’,
‘chronically maladjusted’, or ‘a tortured man’
(Cook, 1993a).

It was not until the early 1940s that Neil
Hamilton Fairley (1891-1966) clearly demon-
strated the non-haematogenous phase in the life
cycle of Plasmodium spp. (Cook, 1993a). He
observed that a parasitaemia was present in
peripheral blood immediately after infection, but
that this disappeared during the incubation
period of the disease. In 1948, Henry Shortt
(1887-1987) and Percy Garnham (1901-1993)
were able to demonstrate the ‘hypnozoite’ phase
of P. vivax within the hepatocyte, thus putting a
seal on the life-cycles of all human (and monkey)
Plasmodium spp. infections recognised at that
time.

The first attempt(s) at malaria prophylaxis by
prevention of anopheles mosquito bites was
made by Angelo Celli (1857-1914) in 1899.

Therefore, by the end of 1900, the life-cycles of
two vector-borne parasitoses, one helminthic and
the other protozoan—Ilymphatic filariasis and
Plasmodium spp. infection—had been clearly
delineated (see above, Cook, 1993a). In the
same year, mosquito transmission of the viral
infection yellow fever (see above), was also
clearly demonstrated, this time by American
workers. The major figures in this breakthrough
were Carlos Finlay (1833-1915) and Walter Reed
(1851-1902) (Cook, 1993a). However, it seems
most unlikely that this discovery could have
taken place in the absence of the foregoing
British work.
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Trypanosomiasis: Slow Elucidation of the
Cause

African Trypanosomiasis

David Livingstone (1813-1873) had been con-
vinced in the mid-nineteenth century that the
tsetse fly was responsible for transmission of
‘nagana’, a disease which affected cattle in
Central Africa. This is clearly recorded in his
classic Missionary Travels, first published in
1857; there is, in this work, an accurate drawing
of the tsetse fly. It seems probable that he had in
fact associated the bite of Glossina palpalis with
‘nagana’ as early as 1847. It was not until 1894,

however, that the causative role of Trypanosoma
(later designated 7. brucei) was delineated in
nagana and this resulted from David Bruce’s
(Figure 1.6) brilliant work in Zululand, where he
had been posted from military duty in Natal
(Cook, 1994). Shortly before this, animal trypa-
nosomes had been visualised, and in 1878
Timothy Lewis (see above) had first indicated
that trypanosomes could cause infection in
mammals.

A febrile illness associated with cervical
lymphadenopathy and lethargy had been clearly
recorded in Sierra Leone by T. M. Winterbottom
(1765-1859) in 1803. In 1902, Joseph Dutton

Fig. 1.6 David Bruce (1855-1931), who established the causes of nagana (in Zululand) and the ‘negro lethargy’ (in Uganda)
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(1874-1905) (Braybrooke and Cook, 1997) and
John Todd (1876-1949) demonstrated that
Trypanosoma spp. were responsible for this
condition, then named ‘trypanosome fever’ in
West Africa; their observations were made on an
Englishman who had been infected in the
Gambia. Studies were carried out in both the
Gambia and Liverpool. This work was published
in 1902 with a full clinical description, accom-
panied by temperature charts.

Early in the twentieth century an outbreak that
was described at the time as ‘negro lethargy’
swept Central Africa; this involved the northern
shores of Lake Victoria Nyanza (Cook, 1993b).
No-one, it seems equated the disease with
‘trypanosome fever’. In 1902, the Royal Society
sent a Sleeping Sickness Expedition, consisting of
Low (see above), Aldo Castellani (1877-1971)
and Cuthbert Christy (1864-1932) in an attempt
to determine the aetiological agent responsible
for this disease. Manson was of the opinion that
Filaria perstans was responsible; he had visua-
lised this parasite in three cases of sleeping
sickness investigated in London, at the London
and Charing Cross Hospitals. After a great deal
of painstaking work, Castellani concluded that
the disease was caused by a streptococcus. He
reported his finding to the Royal Society’s
Malaria Committee, chaired by Joseph Lister
(1827-1912), but they were far from enthusiastic.
In the meantime, Castellani had visualised
Trypanosoma spp. in the cerebrospinal fluid of
a single case of ‘negro lethargy’; however, he
disregarded this organism, and favoured the
streptococcal theory. The Royal Society pro-
ceeded to send a second team to Uganda in 1903,
consisting of Bruce (Figure 1.6) (Cook, 1994) and
David Nabarro (1874-1958). They demonstrated
Trypanosoma spp. in numerous cases of sleeping
sickness (in both cerebrospinal fluid and blood)
and furthermore, were able to transmit 7.
gambiense to monkeys via the bite of infected
Glossina palpalis (the local species of tsetse fly);
this work clinched the actiological agent respon-
sible for this disease.

Castellani remained convinced, however, that
he should be given credit for discovering the
cause of sleeping sickness, now correctly attrib-
uted to Bruce and Nabarro. Acrimonious
correspondence emerged, some being recorded
in The Times for 1908 (Cook, 1993b). In retro-

spect, it seems likely that Castellani was unduly
influenced by a report from some Portuguese
workers which concluded that a diplo-
streptococcus was responsible for the disease;
Castellani, a trained bacteriologist, was clearly
far more impressed with this organism than with
Trypanosoma spp.!

Several years were to pass before the animal
reservoirs of African trypanosomiasis were
delineated. Was the causative organism of
nagana identical with that which caused African
trypanosomiasis? It was not until 1910 that
J.W. W. Stephens (1865-1946) and H. B.
Fantham (1875-1937) discovered T. rhodesiense
in Nyasaland (now Malawi) and Northern
Rhodesia (now Zambia). In 1911, Allan Kinghorn
(7-1955) and Warrington Yorke (1883-1943)
demonstrated the transmission of 7. rhodesiense
to man by Glossina morsitans.

South American Trypanosomiasis

Human South American trypanosomiasis was
first recorded in 1910. Carlos Chagas (1879—
1934), working in a remote part of Brazil, became
aware that a high proportion of houses were
infected with the reduviid bug (the ‘kissing bug’),
which bit at night. The bug harboured an
organism (which developed in the gut and
migrated to the proboscis for subsequent inocu-
lation) which was infective to monkeys and
guinea-pigs. Chagas showed, furthermore, that
an acute febrile illness in children (characterised
by oedema, especially of the eyelids, anaemia and
lymphadenopathy) was caused by this organism.
In 1917 Torres described the cardiac lesions of
Chagas’ disease. Recognition of the ‘mega’
syndromes followed. That faecal material from
the bug caused infection had been suggested by
Chagas, but demonstrated conclusively by Dias
(Foster, 1965) in the early 1930s.

Visceral Leishmaniasis (Kala Azar): a
Disease with a Potential Influence on the
‘Jewel in the Crown’—India

The protozoan parasite responsible for kala azar
(or ‘dum-dum’ fever) has a patchy distribution
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throughout tropical and sub-tropical countries
(Cook, 1993a). The causative agent was initially
demonstrated by William Leishman (1865-1926)
at the Royal Victoria Hospital, Netley (off
Southampton Water) in 1900. He did not publish
this work until May 1903. In April of that year,
Charles Donovan (1863-1951), working at
Madras, India, confirmed the observation. The
parasite was subsequently named the Leishman—
Donovan body (now designated the amastigote
of Leishmania donovani).

A related agent, L. tropica, the causative agent
of cutaneous leishmaniasis (Delhi boil), was first
demonstrated by J. H. Wright (1870-1928), also
in 1903; this organism had incidentally been
described 5 years earlier by a Russian worker,
P. F. Borovsky (1863-1932). Rogers (see above),
a great physician who, amongst many contribu-
tions to clinical parasitology and tropical
medicine, founded the Calcutta School of Tropi-
cal Medicine in 1920, first cultivated ‘Leishman—
Donovan bodies’ in Calcutta in 1904. It was not
until 1911, however, that Wenyon (see above)
was able to demonstrate transmission of
(cutaneous) leishmaniasis by Phlebotomus spp.
(the sandfly).

THE DISCIPLINE ESTABLISHED

Only in the 1860s i.e. some 20 years before the
germ (bacterial) theory of disease, was parasitol-
ogy as a discipline well established (Foster, 1965);
it was then widely appreciated that parasites
(both helminths and protozoa) cause major
diseases in man and his domestic animals (e.g.
hydatid disease and trichinosis). The discipline
had developed mainly on the European main-
land; prior to the mid-nineteenth century it was a
component of zoology. Many of the major
advances in this discipline over the next half-
century were to come from tropical countries,
many being carried out, often under primitive
conditions, outside a university environment (e.g.
the work of Laveran, Bruce, Ross and Manson,
see above). The earliest journal entirely devoted
to parasitology was Archives de Parasitologie
(1898).

In the latter half of the nineteenth century, a
great surge in British parasitology got under way

(see above). In 1905, separate departments of
protozoology and helminthology were started at
the London School of Tropical Medicine, with
Wenyon (see above) (a mere 27 years of age) as
director of the protozoology department; in 1926
he was to publish the most comprehensive text on
protozoology in any language. In 1906, the first
(London) university chair of protozoology was
established, and E. A. Minchin was elected (he
had spent 9 years as assistant to Professor Ray
Lancester at Oxford; Ross applied but was not
appointed!)

The founding father of American parasitology
was Joseph Leidy (University of California); in
1846, he demonstrated Trichinella spiralis in
pork, and in 1851 his monograph The Flora and
Fauna within Living Animals was published; he
is perhaps best known however, as a palaeontol-
ogist! In 1910 the Helminthology Society of
Washington was formed; this became the nucleus
for the American Society of Parasitologists, which
was founded in 1925, with H. B. Ward as its first
president. Influenced by Nuttal’s Parasitology,
Ward had founded the Journal of Parasitology in
1914.

In 1903, the Imperial Health Office in Berlin
founded a division of protozoology, with E.
Schaudinn in charge.

CHEMOTHERAPEUTIC AGENTS
1901 and 2001 Compared

It might be considered by some that clinical
parasitology, and hence tropical medicine, have
both made slow progress over the last century
(Cook, 1993a). However, progress in diagnosis
has been steady and dominated by advances in
serological techniques. It is worth recalling, too,
that in 1901 there were only three recognised
chemotherapeutic agents for use in tropical
medicine—quinine (in malaria), ipecacuanha (in
amoebiasis) and mercury (in the bacterial infec-
tions syphilis and yaws). Cinchona had been
popularised by Thomas Sydenham (1624-1689)
in the seventeenth century after his return from
Jamaica. In 2001, a broad armamentarium of
chemotherapeutic agents is available. For proto-
zoan infections, for example, the following are in
use: synthetic anti-malarials, S5-nitroimidazoles
and eflornithine; together with the established
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agents, sodium stibogluconate and suramin—
they have revolutionised chemotherapy. In hel-
minthic infections, significant advances have also
been made: the benzimidazoles, ivermectin and
praziquantel have become available, in addition
to the older agent, diethylcarbamazine. However,
there is still a long way to go. The future is likely
to be dominated by vaccines but, as with Jenner’s
example of smallpox vaccination for a viral
infection, many obstacles strew the path ahead.
After all, a safe and effective vaccine is not yet
available for any human parasitic infection.
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INTRODUCTION

The epidemiology of parasitic infections has
emerged over the last two decades as a distinct
discipline within medical epidemiology. For
many years the direction of parasite epidemiol-
ogy, as epidemiology in general, was driven by
medical statistics, with a focus on association and
causation of disease. This approach has served
the subject well and led to many important
advances in understanding of, for example, the
role of mosquito vectors in malaria transmission
and snails in schistosomiasis. While this classical
approach to epidemiology was dominating
research in the area, there was also a parallel
stream of investigation that sought to unravel the
dynamic processes that created the observed
statistical patterns. This second strand of work
relied on mathematical language as a way of
describing quantitatively the many processes that
determined the distributions of infection in
communities. Landmark contributions were
made by MacDonald and Ross, who started
from field observation and moved to the desk to
seek interpretation, and by Maurice Bartlett and
Norman Bailey, who started from the desk.
These strands of research developed in parallel
until the 1970s, when the dynamic approach to
understanding parasitic disease transmission was
substantially reinforced by the emergence of
unifying theories of the ecology of infectious

disease in host populations, largely through the
work of Roy Anderson and Robert May (see
Anderson and May, 1991, for a resume of the
history and literature of the subject). This has led to
a remarkable improvement in our understanding
of these complex issues, an understanding that
derives from the use of mathematical models that
are soundly based on epidemiological data, and
from the development of a body of ecological
theory that captures the dynamic interaction
between populations of hosts and pathogens
(Anderson and May, 1979; Anderson, 1994).

In this chapter we will touch briefly on the role
of classical epidemiology to show how statistical
methods have been fundamental to the develop-
ment of the subject. Readers seeking more
information in this area should refer to the
many excellent texts available in medical statis-
tics. The main focus of the chapter, however, will
be on parasite epidemiology from a population
dynamic perspective. We will explore how a
dynamic approach can help understanding of the
determinants of observed patterns of infection
and disease, and examine the practical implica-
tions for estimating disease burden and the cost-
effectiveness of control. Finally, we will describe
how some new technological approaches—
remote sensing combined with geographical
information systems—has helped add a spatial
dimension to our understanding of infection
dynamics. Throughout, our aim is to provide
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an introduction to the subject which we hope will
lead the reader to a more thorough investigation
by following up on the original literature.

POPULATION DYNAMICS AND
CONTROL

The complex dynamics of infectious disease can
result in counter-intuitive outcomes to attempts
at control: inappropriate timing and coverage of
a vaccination or community treatment program
may make an existing public health problem
worse. This unwanted outcome is a result of the
complex and inherently non-linear interactions
between populations of hosts and the pathogens
which infect them (Anderson and May, 1979;
Anderson, 1994; Bundy et al., 1995). Such non-
linearities lead to intervention outcomes which
appear counter-intuitive and are difficult to
predict, e.g. partial vaccination coverage may
have little effect on infection incidence overall but
may make infection more prevalent in different
(older) age classes, with potentially disastrous
public health consequences if the infection is
rubella (Anderson and Grenfell, 1986).

The theory has been explored in detail else-
where (for an accessible treatment, see May and
Anderson, 1990); here we touch briefly on theory
before examining how an understanding of
population dynamics can influence the design of
intervention strategies.

The Ecology of Infectious Disease

The important point here is that infectious
disease population dynamics can be described
in the same way as the dynamics of other
organisms. Rj, the basic reproductive number
(formerly ‘rate’), is a central concept in epide-
miology that has come directly from population
ecology and which, in its ecological form, is
central to the theory of evolution (Anderson and
May, 1979, 1992; Ross, 1915). R, for infectious
diseases may be defined as the average number of
secondary cases produced by one primary case in
a wholly susceptible population. This definition
of the population biology of ‘microparasites’ is
appropriate for many protozoan infections and

Table 2.1 Estimated basic reproductive number R, of some
common infections, and the predicted critical proportion of
the population to be immunised to achieve herd immunity
and, potentially, eradication

Critical
Infection R, proportion (%)
Measles 11-17 90-95
Pertussis 16-18 90-96
Mumps 11-14 85-90
Rubella 6-9 82-87
Poliomyelitis 5-6 82-85
Diphtheria 4-5 80-82
Rabies 4 80-82
Smallpox 34 70-80

From Anderson and May (1991), with permission.

most bacterial and viral infections. It implies that
no infection can maintain itself unless R is
greater than unity.

In practice, we observe that the values of R,
for some common infections are in the range 3—
18 (Table 2.1). This implies that a primary case
of measles, say, can infect 11-17 other people
during the course of the primary infection, and
that the 11-17 secondary cases can each do the
same. It is this potentially exponential increase
in cases that defines the rising phase of the
epidemic curve (Figure 2.1). At some point,
however, the availability of susceptible people
will diminish, and the achievable number of
secondary infections will decline accordingly:
i.e. the effective reproductive number, R, will
diminish in the presence of constraints on the
growth of the population of the infectious agent.
This defines the falling phase of the epidemic curve
(Figure 2.1).

The availability of susceptible people and the
value of R; are the crucial determinants of the
dynamics of epidemics. R, is some function of
the biology of the pathogen; a measure of
transmissibility and infectiousness. The avail-
ability of susceptibles (and the effective
reproductive rate), however, is predominantly a
function of the host population. Since birth is the
primary source of new susceptibles in a stable
population, this implies that infectious disease
dynamics are determined by some combination
of host population size and birth rate, both of
which are largely independent of the pathogen
itself (except in the case of a prevalent lethal
infection, such as HIV).
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Fig 2.1 The course of an epidemic. Infection spreads when the reproductive rate is over unity in value. As the proportion of the
population infected or immune grows, the number of contacts with infection that generate new cases falls, thus the effective
reproductive rate is reduced. The prevalence of infection will rise for a short time once the effective reproductive rate has fallen
below 1 because of the momentum of the epidemic. When a large number of cases are present, then new cases may be generated
faster than others recover, even though each case is not on average replacing itself. This carries the effective reproductive rate below
unity in value at the peak prevalence, where, as the reduced reproductive rate takes effect, the prevalence of infection starts to fall. It
falls until a steady endemic prevalence is reached, when the value of the effective reproductive rate is equal to unity. The endemic
proportion of the population not susceptible to infection keeps the effective reproductive rate at unity (modified from Garnett and

Ferguson, 1996)

Empirical evidence provides support for the
importance of host demography. Studies of
island and city communities have shown that a
population of some 500000 or more is required
for endemic maintenance of measles (Macdonald,
1957; Bartlett, 1957). Once this population
threshold is exceeded, then birth rate is an
important determinant of the rate of arrival of
new susceptibles, and thus the period between
the end of one epidemic and the time at which
sufficient susceptibles have accumulated for a
new epidemic to begin. For measles, this inter-
epidemic period is approximately 2 years in
countries of the ‘north’ (e.g. the USA), with
annual population growth rates <1%, but
only 1 year in countries of the ‘south’, with
rates of around 3% (e.g. Kenya) (Anderson
and May, 1979; Black et al., 1966; Nokes et al.,
1991).

Thus, the dynamic properties of an infection
depend not only on the characteristics of the
pathogen but also on those of the host
populations. This is not the whole explanation,
of course, but it does seem to provide a
remarkably complete understanding of the
dynamic behaviour of some infectious diseases.
Interestingly, the rather ragged 2 year cycles for
measles in cities have been analysed using
current assumptions about ‘chaos’. It has been
suggested that the apparently random behaviour
of these time-series is generated by simple and
completely deterministic systems, and that
measles epidemics provide one of the best
examples of naturally occurring deterministic
chaos (Fine et al.,, 1982). This offers the
tantalising prospect of short-term prediction, a
prospect which now seems less likely to become
a practical reality (Gleick, 1987).
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Estimating the Basic Reproductive Number
for Microparasites

For directly transmitted (also called ‘close con-
tact’) microparasitic infections, the basic
reproductive number can be defined as:

Ry = BNd

where B is the coefficient of transmission, N is the
total population (all assumed susceptible at
baseline) and d is the duration of infectiousness.

The effective reproductive number, R of an
infection is unity in a steady, endemic state
because each primary case exactly replaces itself.
The basic reproductive number R, is in practice
discounted by the proportion, x, of the popula-
tion remaining susceptible (as against contacts
which have experienced infection and are now
immune), where:

R%Roxgl

For a stable population, this implies that if
people live an average of L years, become
infected at age A, and are protected by maternal
antibodies up to age D, then the fraction
susceptible is given approximately by (4 —D)/L.
However, in developing societies, with a growing
population, the relevant estimate of L is the
reciprocal of the per capita birth rate, B, rather
than the inverse of the death rate. Hence R, can
be crudely estimated from B/(A — D). For further
discussion of this and other issues, see Anderson
and May (1992).

For sexually transmitted infections this rela-
tionship can be modified to give:

2
R0:B<m+%>d

where m is the mean number of sexual partners
and s? the variance. The number of susceptibles is
no longer included in this equation; instead, there
is an estimate of the probability of encountering
an infectious partner. Note also that the variance
has a much greater effect than the mean on R,,
which implies that the segment of the population
with the highest rates of partner change makes a
disproportionate contribution to persistence and
spread.

For vector-borne microparasites (Bolker and
Grenfell, 1995) the number is given by:

Ry =Ry R,

e ()3

)

In these equations, a is the average biting rate per
day of the vector species, By, is the likelihood of
transmission to the mosquito when it takes a
blood meal from an infectious human and B, is
the likelihood of transmission to the human
when it is fed on by an infectious mosquito. The
recovery rate of humans from infectiousness, v is
the inverse of the time during which a host is
infectious. Likewise, |, the mosquito death rate,
is the inverse of the mean duration of infectious-
ness. V is the number of vectors and H the
number of hosts in the population, so that V//H is
the vector density per host. Finally, P is the
proportion of vectors which when infected
become infectious. There is an important asym-
metry in the basic model, in that humans can be
bitten by a virtually unlimited number of
mosquitoes, whereas mosquitoes are limited in
the number of blood meals they will take from
humans. This asymmetry plays a role in deter-
mining the numbers of vectors that are, on
average, likely to bite the initial infectious host
and so spread the infection. This implies that the
density of vectors, relative to the human host, is
critical in determining the potential for an
epidemic.

where:

and:

Implications of Infection Dynamic Theory
for Public Health Practice

Figure 2.2 shows how the values of R, (see Table
2.1) relate to the proportion of the population
that must be vaccinated to achieve ‘herd immu-
nity’ and eradicate an infection (Anderson and
May, 1982a). These values are approximate—
they also depend on a number of genetic and
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social factors (see above)—but provide a surpris-
ingly useful guide. They indicate that the higher
the value of R, the greater the coverage required
to achieve eradication. This helps explain why
smallpox, estimated R, 3—4, was the first disease
to be eradicated from the world, and why polio
(R 5-6) may be the second. It also helps explain
why the same coverage with MMR (mumps/
measles/rubella) vaccine in the USA has effec-
tively eradicated rubella (R, 6-9), but not measles
(Ry 11-17), as a public health problem.
Vector-borne protozoan parasites, such as
those that cause malaria, require that the vector
population be taken into account in estimating
R, but the dynamics otherwise have behaviours
similar to those of directly transmitted micro-
parasites. Initial estimates of R, for Plasmodium
suggested that the value was extremely high, of
the order of 50-100, with consequent discoura-
ging prospects for control. Such high rates of
transmission imply the need for 99% coverage
before the age of 3 months with a vaccine that
gives life-long protection (Molineaux and Gra-
miccia, 1980). More recent work, however, which
takes into account the antigenic diversity of
Plasmodium, suggests much lower transmissibil-
ity and an R, value that is an order of magnitude

less (Gupta et al., 1994). This more encouraging
conclusion, for which empirical evidence is being
actively sought (Dye and Targett, 1994), suggests
that a practical malaria vaccine is a real
possibility but argues for a vaccine that is generic
rather than strain-specific.

Another perspective on the importance of Ry is
provided by sexually transmitted infections. In
this case R, is largely dependent on the rate of
sexual partner change (see above). The rates of
partner change required for HIV to persist and
spread are much lower than for most other STDs
despite a low transmission probability, largely
because of the long duration of infectiousness. It
appears that where there is a high probability of
transmission (perhaps because of concurrent
predisposing STDs) (Laga et al., 1994) or a
high rate of partner change, HIV can spread
rapidly, while elsewhere the virus may require its
full infectious period of some 10 years to spread
(Anderson et al., 1991). In the latter case, the
epidemic may develop over a period of decades
rather than months, which may help explain the
marked global variation in the rate of develop-
ment of the HIV/AIDS pandemic.

STDs also provide a good example of how
population-mixing behaviours affect Ry and the
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prospects for control. As with all other types of
infections, some (often few) individuals are more
likely to acquire and transmit infection, perhaps
because of behavioural or genetic characteristics.
If these individuals mix randomly in the popula-
tion, then the effective reproductive number is
greater than the simple average. If those with
high risk tend to mix with others with high risk
(assortative mixing), then the reproductive num-
ber is likely to be high within this group and low
outside it (Garnett and Anderson, 1993). This
may imply that some infections can only persist
(R<1) because of the existence of the high risk
group, with obvious implications for the target-
ing of control (Garnett and Anderson, 1995).

Controlling Disease in Low-income
Countries

Population dynamic theory has particular rele-
vance for the design of control programs for
developing societies, where populations tend to
have high intrinsic rates of increase, low average
age and high density. One effect that we have
already considered is how the high rate of
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population increase may result in short inter-
epidemic periods and, therefore, much more
frequent epidemics.

Age effects may be even more important, since
R, is related to the average age at first infection.
This is illustrated by Figure 2.3, which shows the
age profiles for measles, mumps and rubella
seroprevalence in the same Caribbean commu-
nity. It is apparent that the age at first infection
scales in direct proportion to incidence and in
inverse proportion to R,. This indicates that the
opportunity to vaccinate—after the decline of
maternal antibody but before the occurrence of
natural infection—is shortest for measles and is
inversely proportional to R, The greater the
value of R,, the narrower is the vaccination
‘window’. At extreme values of R,, which may
occur in some developing societies, vaccination at
a single age may be insufficient to eradicate
infection, even with 100% coverage (McLean
and Anderson, 1986).

Population density may also be important in
designing an intervention strategy. Populations
are typically distributed heterogeneously in
space, with some people living in dense urban
aggregations (high R) and others isolated in
villages (low R). These rural-urban differences
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tend to be much greater in developing societies,
and can result in values of R, which are, on
average, greater than suggested by estimates
based on the assumption of spatial homogeneity.
This implies that eradication will be more
difficult to achieve in such societies. It may also
imply a need to target vaccination coverage in
relation to group size, with denser urban popula-
tions receiving higher coverage (Anderson and
May, 1990).

The high transmission rates found in many
developing societies also tend to increase the risks
associated with incomplete or partial coverage.
Population dynamic theory predicts that, in
general, incomplete vaccination coverage will
reduce the rate of transmission and increase the
age at first infection. In the case of rubella, this
age-shift has particularly important conse-
quences, since the primary public health
concern is to prevent women contracting rubella
once they have reached child-bearing age and so
avoid congenital rubella syndrome. The carefully
documented experiences of rubella vaccination in
the north (Ukkonen and von Bronsdorff, 1988),
indicate a remarkable coincidence between theo-
retical prediction and observation (Anderson,
1994). This could have important implications
for developing societies, where R, is typically
higher, such that first infection with rubella is at 5
years of age rather than the 8-9 years seen in the
north. The same robust theory predicts that
vaccinating 50% of all 2 year-olds in developing
societies could double the incidence of congenital
rubella syndrome. This argues strongly against
the introduction of MMR vaccination, particu-
larly in developing societies, without first
ensuring the protection of women of child-
bearing age.

The Special Case of Helminth Infections

Helminth infections (called ‘macroparasites’ in
this context) have fundamentally different popu-
lation dynamic characteristics from the
microparasites, since the dynamics are primarily
determined by the number of worms present (the
intensity of infection), rather than the number of
hosts infected (Anderson and May, 1979; Bundy,
1988). The basic reproductive number for worm

infection is defined in terms of the number of
female offspring produced by a female worm in
her lifetime, so that the basic unit of transmission
is the individual worm, not the individual case
infection. Intensity is also believed to be the
major determinant of morbidity. Thus, the major
aim in controlling helminth infection should be
to reduce the overall worm burden in a popula-
tion, rather than to reduce the number of cases of
infection.

Reducing the average intensity of infection
may not, however, be enough to achieve sig-
nificant control. Worm burdens exhibit
heterogeneity amongst individuals and so redu-
cing the average burden may still leave some
individuals with sufficient burden to cause
morbidity and sustain transmission. Further-
more, individuals appear to be predisposed to
high (or low) infection intensity (Schad and
Anderson, 1985; Bundy et al., 1985; Elkins et
al., 1986), such that those with heavy worm
burdens tend to reacquire above-average inten-
sity infection, even after successful treatment
(Keymer and Pagel, 1990; Hall et al., 1992). Such
‘wormy’ individuals are at greater risk of
morbidity and make a disproportionate contri-
bution to the transmission of infection; they
would appear, therefore, to be the most impor-
tant targets for treatment or vaccination. Yet
they may be heavily infected precisely because of
some failure of immunocompetence, which sug-
gests that a helminth vaccine must be able to
convert low responders into high responders if
vaccination on a community scale is to be
successful (Anderson and May, 1985). Fortu-
nately there is some evidence to suggest that
predisposition relates more to exposure than
immunological resistance (Chan et al., 1994),
but resolution of the causes of predisposition is
clearly important to determining the likely
success of control measures. Here we will
consider how an understanding of population
dynamics might help guide the development of
putative helminth vaccines, and has helped the
evolution of more effective approaches to control
by chemotherapy (Chan et al., 1995).

Helminth population dynamics are important
in terms of determining the optimal age for
delivery of any future helminth vaccine. Immu-
nisation in the pre-school years may be
inappropriate for the helminthiases, since for
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the schistosomes and some of the major nema-
tode species the peak of intensity, and of
potential risk of disease, is attained several
years later (Bundy, 1988; Anderson and Medley,
1985). This has potential consequences for the
required duration of protection induced by
vaccination.

Figure 2.4 shows the results of a preliminary
model of the impact of vaccination on helminth
dynamics, and compares the effects of vaccine
delivery at different ages. The results indicate that
if the protection induced has a half-life of some 12
years or less, there is benefit in vaccination at 5
years of age rather than | year of age. With
increasing duration of protection, however, deliv-
ery of a vaccine as part of the EPI package
becomes the preferred option. This implies that
only a vaccine giving very long-lived protection
would qualify for delivery as part of the EPI
package. The results also indicate that the benefits
of a vaccine giving short-lived protection, with
either strategy, are likely to be small (much less
than 50% reduction in mean worm burden) and
that all strategies tend to shift the peak of intensity
and potential morbidity into the older age classes,
with unknown consequences.

Similar, although rather more dramatic, con-
sequences are predicted (Crombie and Anderson,
1985; Woolhouse, 1991) if it is assumed that the
low parasite infection intensity in adults is a
consequence of acquired immunity. In this case,
vaccine-induced protection may prevent the
natural acquisition of immunity with age, and
the acquired immunity model predicts that the
eventual loss of protection will result in more
rapid acquisition of infection in the older age
classes. Furthermore, the peak intensity may
exceed that observed in the absence of vaccina-
tion unless the protection persists beyond an age
(515 years) at which infection exposure is
negligible.

The markedly convex age profiles of infection
intensity, with mean worm burdens for schisto-
somes and more nematodes showing a peak in
the ‘school-age’ population, have consequences
for the population dynamics and hence control of
helminths (Anderson and May, 1982b). Field
studies have shown that these intensely infected
age groups may harbour 70-90% of the total
worm population (Bundy and Medley, 1992) and
theory predicts that these age groups would

therefore make a disproportionate contribution
to transmission (and morbidity). Control strate-
gies which specifically target this high-risk group
of school-age children have shown that this
approach reduces transmission of schistosomes
to a rate similar to that achieved when the whole
population is treated (Butterworth, 1991) and
reduces transmission of nematodes to the
untreated adult population (Bundy et al., 1990).
Furthermore, models of helminth dynamics
accurately predict the outcome of chemotherapy
control measures (Chan and Bundy, 1997). Thus,
theoretical prediction is again supported by
observation, and has led to the practical imple-
mentation of school-age targeted control
programs (Savioli et al., 1992; Partnership for
Child Development, 1997).

ESTIMATING THE BURDEN OF PARASITIC
DISEASE

Parasitic infections are amongst the most ubiqui-
tous of infections of humans. The first estimates
of the global extent of infection suggested that
more than a quarter of the world’s population
was infected with one or more important patho-
gen at any one time (Stoll, 1947) and the latest
estimates suggest the same conclusion (Chan et
al., 1994a; Michael et al., 1996; Bundy, 1998;
WHO, 1997). In Table 2.2 we show the most
current estimates of some of the major parasitic
infections of humans.

But simply measuring prevalence only tells
part of the story. The important variable from a
human and public health perspective is not the
mere presence of infection, but the burden of
death and disability with which it is associated.
In order to estimate this, a recent study
sponsored by the World Bank has led to the
development of a technique that combines
information regarding both morbidity and mor-
tality from a specific disease into a single measure
(World Bank, 1993). This health indicator is
termed the ‘disability-adjusted life year’ (DALY)
and has gained usage not only to provide
standardized assessments of the health burden
of specific diseases but also to allow comparisons
of the impact on public health (both morbidity
and mortality) of the various packages of health
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Table 2.2 Estimated global prevalence of the major human helminth infections (in millions)

Sub-Saharan Other Asia and

Middle Eastern

Helminth Africa Islands India China Latin America® crescent Total
Ascaris lumbricoides 105 303 188 410 171 96 1273
Trichuris trichiura 88 249 134 220 147 64 902
Hookworm® 138 242 306 367 130 95 1277
Schistosoma spp.* 131 0.5 —* 0.95 6.3 10.7 149.5
Onchocerca volvulus 17.5 - - - 0.14 0.03 17.7
Wuchereria bancrofti®  50.2 13.15 45.5 5.5 0.4 0.34 115.1
Brugia malayi® - 6.2 2.6 4.2 - - 12.9

Estimates of prevalence are for both sexes combined.
“Includes the Caribbean nations.
®Both Necator americanus and Ancylostoma duodenale combined.

‘Combined S. mansoni, S. haemotobium, S. intercalatum, S. japonicum and S. mekongi infections.

9Denotes both infection and disease cases.
*Less than 1000 infected.

Reprinted from Michael e al. The challenge of controlling common helminthiases of humans today. Parasitology Today 13: PTC04. © 1997, with

permission from Elsevier Science.

care that may be provided for specific diseases
(Jamison, 1993). DALYs translate disabilities
into years of healthy life lost, by giving each
disease state a disability weight ranging from 0
(healthy) to 1 (death). Additional complexities in
the calculation of DALYs include the potential
years of life lost as a result of a death at a given
age [e.g. the Global Burden of Disease (GBD)
study (World Bank, 1993), used a standard
expected-life lost based on model life-table West
Level 26], age-weighting of the disability experi-
enced, related to the perceived value of life at
different ages (weighting function peaking at age
25, used by GBD study), and discounting of the
disability experienced in future years (at 3%). A
general formula for the number of DALYSs lost
by one individual is given by:

x=a+L

DW(a)e " 9dx

DALYs:J (1

X=da

which is the integral over age x from the age of
onset a for a duration of L years of the product of
the disability weight D (or 1 for premature
mortality), the age weight, 1#(a) and the discount-
ing factor e~ The DALY measure thus aims
to estimate the value of the future years of healthy
life lost because of a disability, summed from age a
to age a+ L, where L would be the life expectancy
at age «a in the case of permanent disability or
premature mortality, and the duration of the
disability in other cases. Note that, by this
estimation, the long-term consequences of a

disability caused by a risk factor this year are
essentially counted back to the present year.
Further details on the calculations of DALYs
can be found in Murray and Lopez (1994), but it is
clear that reliable estimates of DALY’ will require
an understanding of the population dynamics of
infection and its relationship to morbidity or
mortality. This is because, at the very least, data
on age/sex-specific infection prevalence, duration
of being in various disease or disability states and
remissions from these states are required, and
ideally data on age and sex-incidence of infection,
the proportion of infection incidence leading to a
disabling outcome, the average age of disability
onset and the distribution of disability by severity
are needed for undertaking the DALY calculations
(Murray and Lopez, 1994).

Although, as with other summary health burden
indicators, DALY are dependent on the assump-
tions made regarding the key components listed
above (Sayers and Fliedna, 1997, Anand and
Hanson, 1995), its utility nonetheless in comparing
the health burden of various diseases can be seen
from Table 2.3. The Table lists the estimated
DALYs and deaths from the major communicable
diseases included in the GBD study (World Bank,
1993), and clearly shows how combining morbid-
ity and mortality information from a specific
disease into a single health indicator allows the
comparison of the relative burdens of disparate
diseases, or indeed other health conditions. Thus,
while a common disease, such as respiratory
infection, by its prevalence will contribute a large
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number of DALYSs, HIV infection, on the other
hand, by virtue of its high fatality rate, contributes
a proportionally higher number. In addition, the
integration of age-specific incidences (and hence
population dynamics), discounting and age weights
in calculating DALYs has the result that, while
infections of school-age children such as intestinal
worm infections, contribute proportionally high
DALYs despite inducing low mortality rates,
relatively fatal infections of pre-school children
(e.g. measles) and adults (e.g. tuberculosis) (Mur-
ray and Lopez, 1994) contribute proportionally to
lower numbers (Table 2.3). This comparability
element to the DALY statistic has highlighted the
importance of communicable diseases as a major
cause of global disability. For example, the results
of the GBD study summarized in Table 2.3 indicate
that in 1990 nearly 35% of the total world disease
(due to all causes) was contributed by communic-
able diseases, a statistic which clearly challenges the
belief that the war against infectious and parasitic
diseases has been won.

COST-EFFECTIVENESS ANALYSIS

The resources available for investing in health
care are finite, which requires that consideration
be given not only to the effectiveness of inter-
vention programs, but also to the costs involved.
Cost—effectiveness analysis is concerned with
identifying the most efficient option for control-
ling a given disease among a range of alternative
strategies. It relates the health outcome, usually
lives saved, cases prevented or even DALYs
saved (see below), of alternative programs to
their costs in order to facilitate the selection of
those approaches that provide the maximum
effectiveness per level of cost. Thus, once it is
accepted that control of a given disease is socially
worthwhile, carrying out a cost—ecffectiveness
analysis can facilitate efficient control program
design (Prescott, 1993; Guyatt and Evans, 1992).

Although analysis based on detailed empirical
estimates of the costs and effectiveness of control
can provide important information to the health
planner in what can be achieved in practice,
because only one study can be managed at one
site, evaluating the cost—effectiveness of different
strategies in different sites leads to problems of

interpretation, since the control approach is only
one amongst many variables. Indeed, differences
among studies may be so marked that it could be
hard to make any generalizations about them at
all (Hammer, 1993). This has led to the adoption
of modelling approaches to cost—effectiveness
analysis, since such analytical frameworks readily
allow predictions to be made in different endemic
settings and sensitivity analysis of key variables
to be undertaken (Prescott, 1993; Guyatt and
Tanner, 1996).

The traditional approach to modelling the
cost—effectiveness of parasite control programs
has been to use static frameworks (Rosenfield et

Table 2.3 Estimated DALYs and mortality from
communicable diseases in the World

DALYs
(hundreds of Deaths

Disease thousands) (thousands)
Tuberculosis 464.5 2016
Syphilis 63.2 186
Chlamydia 15.5 1
Gonorrhoea 4.1 3
Pelvic inflammatory disease 128.0 2
HIV infection 302.1 291
Diarrhoea (acute) 543.8 1553
Diarrhoea (chronic) 290.8 872
Dysentery 156.5 448
Pertussis 119.5 321
Poliomyelitis 48.1 24
Diphtheria 2.3 4
Measles 341.1 1006
Tetanus 164.9 505
Meningitis 80.9 242
Hepatitis 19.3 77
Malaria 257.3 926
Trypanosomiasis 17.8 55
Chagas’ disease 27.4 23
Schistosomiasis 453 38
Leishmaniasis 20.6 54
Lymphatic filariasis 8.5 0
Onchocerciasis 6.4 30
Ascaris 105.2 13
Trichuris 63.1 9
Hookworm 11.4 6
Leprosy 10.2 3
Trachoma 33.0 0
Respiratory infections (lower)  1147.5 425
Respiratory infections (upper) 29.2 12
Total 4665.5 (34.6) 13381

DALY, disability-adjusted life year. Figures in bold within brackets
denote the proportion of DALY lost contributed by communicable
diseases to the total DALYS lost (1.36 billion) in 1990.

Data from World Bank (1993).
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al., 1984; Hammer, 1993; Prescott, 1987).
Although wused gainfully to investigate the
optimal chemotherapy strategy for the control
of schistosomiasis (Prescott, 1993) and the
combined control of intestinal nematodes and
schistosomes (Warren et al., 1993), this approach
is felt to be limited by the inability to account for
dynamic responses in infection (e.g. changes in
immunity development, parasite or vector resis-
tance development and human disease in malaria
following either drug treatment or vector control,
and changes in parasite population and human
morbidity as a result of treatment and reinfection
in helminth infections) following interventions.
As such, the effectiveness measures addressed
using static models are usually simple immediate
outcomes that reflect coverage (e.g. proportion of
infected individuals treated) or both coverage
and cure rate (e.g. proportion of infected
individuals cured). More recent approaches
have therefore sought to develop dynamic
models for undertaking cost—effectiveness inves-
tigations (Guyatt et al., 1993, 1995). These
models have a major advantage in that, since
they can monitor changes in the parasite popula-
tion over time in response to intervention, they
not only permit the effectiveness of treatment to
be assessed in terms of cases that were prevented
because of intervention, but also lend themselves
to reliable comparability between strategies vary-
ing in the level of coverage, drug efficacy and
frequency of mass treatment in areas differing in
rate of infection transmission.

This section will address how the use of
dynamic models for undertaking cost—effective-
ness analysis can provide an understanding of the
process, costs and effectiveness of different
parasite control strategies. The focus will be on
intestinal nematode infections, since most of this
new work has been carried out for these
infections. Mention will also be made regarding
the use of DALYSs as an effectiveness measure in
carrying out such analyses.

Cost-Effectiveness Analysis using a
Dynamic Model of Intestinal Nematode
Control

Most cost—effectiveness analyses of intestinal
nematode control programs have focused on

strategies for delivering chemotherapy, as this is
generally considered to be the most cost—effective
approach to controlling infection (Bundy and de
Silva, 1998). In the application of mass chemo-
therapy, an important indecision lies in the
frequency of treatment, which depends in part on
the intensity, and hence dynamics, of parasite
transmission in that endemic locality (Anderson
and May, 1985). Guyatt ef al. (1993) incorporated
cost analysis into the dynamic framework for
helminth transmission of Medley et al. (1993), to
assess the cost—effectiveness of alternative mass
chemotherapy strategies, which varied in the
frequency of treatment of Ascaris lumbricoides
infection in high- and low-transmission areas. The
effectiveness of a 5 year program, with treatment
at intervals of 4 months, 6 months, 1 year and 2
years, was assessed over 10 years. Since the control
program component is assumed to last for 5 years,
it is obvious that the less frequent the treatments,
the fewer treatments that are given.

One of the most important qualitative results
from this analysis was that measuring effective-
ness and cost-effectiveness in terms of the
reduction in prevalence of infection gives con-
clusions that conflict with assessment in terms of
reduction in intensity. This is an important
observation, given that most control programs
are evaluated in terms only of the reduction in
prevalence of infection. Figure 2.5 illustrates the
relationship between cost and effectiveness for
the four treatment options in the high- and low-
transmission areas, in terms of reduction in
infection and in heavy infection. Reduction in
heavy infection was maximized in the high-
transmission area and when treating frequently
(every 4 months). Maximal reduction in infection
prevalence, in contrast, was observed in the low-
transmission area. Since, in this model, the costs
are independent of endemicity, the cost—effec-
tiveness ratios for heavy infection reduction are
consistently lower in the high-transmission area
than in the low-transmission area (see Table 2.4),
suggesting it is more cost—effective to intervene in
the high-transmission area. The cost—effective-
ness ratios also indicate that the most cost—
effective intervention in terms of heavy infection
reduction is to treat every 2 years.

Although treating every 2 years minimizes the
cost per heavy infection case prevented per
person, treating every year provides an extra
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Fig 2.5 The relationship between effectiveness (average infection and heavy infection cases prevented per person) and costs per
capita at increasing frequency of treatment directed at Ascaris lumbricoides in a high- and low-transmission area. Modified from

Guyatt et al. (1993), with permission

Table 2.4 Cost—effectiveness ratios and incremental cost—effectiveness ratios for delivering anthelminthic treatment directed at
Ascaris lumbricoides at different frequencies in a high- and low-transmission area

High-transmission area

Low-transmission area

Heavy infection Infection Heavy infection Infection

Cost per case prevented

2 yearly treatment 2.82 5.65 27.88 1.30

Yearly treatment 3.05 5.44 40.97 1.18

6 monthly treatment 3.48 4.34 72.01 1.21

4 monthly treatment 4.23 3.30 104.72 1.69
Extra cost per case prevented

1 years instead of 2 years 0.83 5.15 138.62 0.95

6 months vs. | year 4.19 3.50 722.38 1.25

4 months vs. 6 months 8.02 2.16 17 000 12.71

Modified from Guyatt et al. (1993), with permission.

gain in effectiveness, but at an extra cost. The
extra cost required to obtain an extra unit gain in
effectiveness, by treating more frequently, is
expressed in terms of incremental cost—effective-
ness ratios (see Table 2.4). In pictorial terms,
these values can be understood by examining the
gradient of a line joining any two alternative
strategies (see Figure 2.10). The steeper the line,
the more efficient the more costly alternative, as
any increase in cost returns a high increase in

effectiveness. For instance, treating every year
rather than every 2 years requires an extra cost of
USS$0.83 per extra gain in heavy infection cases
prevented per person in the high-transmission
area, and an extra US$138.62 in the low-
transmission area (see Table 2.4). It is evident
that treating more frequently requires less cost
input to achieve a gain in disease prevalence
reduction in a high-transmission area than in a
low-transmission area. The incremental cost—
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effectiveness ratios for disease reduction also
reveal diminishing marginal returns, that is, as
the frequency of treatment is increased, a higher
cost investment is required per extra gain in
effectiveness (for heavy infection reduction) (see
Table 2.4). Studies have suggested that the
interval between treatments for A. lumbricoides
infection should be relatively short, of the order
of 3—6 months (Cabrera et al., 1976; Arfaa and
Ghadirian, 1977), depending on the infection rate
of the endemic area (Morishita, 1972). These
estimates, however, were based on the rate of
rebound in infection prevalence after treatment.
Previous studies have shown that prevalence
recovers more rapidly than intensity and thus
that the frequency of treatment required to
maintain low levels of intensity is typically
much less than that required to minimize
prevalence (Anderson and Medley, 1985). The
analyses by Guyatt et al. (1993), using the
dynamic modelling approach, indicate further
that relatively long intervals between treatment
offers a cost—effective approach to morbidity
reduction, and that measuring effectiveness in
terms of infection prevalence reduction can lead
to the identification of options that do not
optimize morbidity control.

The Effect of Population Age Structure on
the Costs of Control

The cost—effectiveness of age-targeted treatment
has also been investigated for different delivery
options using an age-structured dynamic model
(Chan et al., 1994), which incorporates commu-
nity demography parameters into parasite
population dynamics (Anderson and May,
1991). Indeed, the derivation of such dynamic
models offer the only practical method of
addressing the issue of age-targeted control.
The first delivery option considered was the
target group (Guyatt et al., 1995). Although
child-targeted treatment can never be more
effective than population treatment (see above),
it is less costly and may prove to be more cost—
effective, since this target group has the highest
intensity of infection and is therefore most likely
to suffer disease and to be responsible for a larger
proportion of the transmission stages (Anderson

and May, 1979). The cost—effectiveness analysis
demonstrated that child-targeted treatment was
more cost—effective than population treatment in
terms of reduction in heavy infection. For
example, in the high-transmission area, the cost
per heavy infection case prevented was US$1.78
for child-targeted treatment, compared to
USS$2.45 for population treatment. The main
reason for this difference was that the intensity of
infection was highest in the child age classes and
therefore treating children benefits the popula-
tion as a whole, since the rate of transmission is
greatly reduced. In this analysis, the unit cost of
treating children was assumed to be identical to
that for adults. In practice, the costs are likely to
be much smaller for children, since they are more
easily accessible through schools (Partnership for
Child Development, 1997; World Bank, 1993).
Including such a differential cost advantage
would further favour child-targeted treatment
(Bundy and Guyatt, 1996).

With the exception of drug efficacy, the cover-
age and frequency of treatment are often the only
aspects of a delivery program that can be
controlled. Theoretical studies have investigated
a control criterion for chemotherapy, which
corresponds to the threshold coverage per time
period required to eradicate infection or to control
infection at a given level (Anderson and May,
1985; Anderson and Medley, 1985). There have
been few attempts, however, to dissect the inter-
action between coverage and frequency of
treatment, or to investigate the implications for
cost—effectiveness. Again, the use of dynamic
models allowed Guyatt et al. (1995) to examine
three different frequencies of treatment (every 6
months, every year and every 2 years) and three
levels of coverage of children (50%, 70% and
90%) over a 5 year treatment period. The analysis
demonstrated that of the nine treatment options,
the most cost—effective in terms of the reduction in
heavy infection was to treat every 2 years at a
coverage of 90% (see Table 2.5). This suggests that
it is more cost—effective to extend the coverage of
an existing cycle than to increase the number of
cycles. The main reasons for this are that it is
cheaper to treat more people at one visit than to
make more visits (due to the relatively lower costs
of drugs vs. delivery) and that the dynamics are
such that the lower the infection levels achieved,
the slower the return to equilibrium levels. Medley
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Table 2.5 The cost—effectiveness of different combinations of frequency of treatment and coverage for child-targeted treatment

directed at Ascaris lumbricoides in a high-transmission area

Frequency of treatment

Coverage Every 6 months Every year Every 2 years
Cost (USS) 0.5 145 72 44
0.7 194 97 58
0.9 243 122 73
Number of heavy infection cases prevented 0.5 52 32 20
0.7 70 50 33
0.9 83 68 49
Cost per heavy infection case prevented (USS$) 0.5 280 225 216
0.7 277 195 178
0.9 292 178 148

Cost and effectiveness are rounded up to the nearest thousand, but the cost—effectiveness ratios are calculated directly from the original data).

Modified from Guyatt ez al. (1995), with permission.

et al. (1993) showed that increasing the coverage of
treatment was increasingly beneficial to the
untreated portion of the population because of
reduced infection rates overall.

The most cost—effective option for child-
targeted treatment was shown to be 2 yearly
treatment of 90% of children. However, it is
possible, in practice, that a 2 yearly treatment
program is chosen, but only 70% coverage is
achieved. In this situation, one may consider
trying to increase coverage to 90%. This may
involve extra costs to motivate the community
(e.g. through health education) and the staff (e.g.
through incentives). In this instance, one would be
interested in determining the maximum amount of
money that could be spent on achieving a 90%
coverage, which would be more cost—effective
than leaving the coverage at 70%. This can be
calculated by determining how much more the
costs of the 90% coverage program can be
increased, such that this option still has a lower
cost—effectiveness ratio than leaving coverage at
70%. The analyses suggest that, in addition to the
extra treatment costs, it would be possible to
invest up to US$14967 over the 5 year program
(approximately 25% of the initial investment) on
increasing coverage from 70% to 90%, and this
would still be the more cost—effective option.

Cost-Ultility Analysis: the Cost of Gaining a
Disability-adjusted Life-year

Nematodes have their main effects on morbidity
rather than mortality, so the impact of treatment

cannot be determined in terms of commonly used
indicators such as the number of lives saved. As
discussed above, the DALY metric, on the other
hand, may provide a satisfactory effectiveness
measure in this context, not only in calculating
the cost—effectiveness of treatment alternatives for
a single parasitic infection, but also with regard to
comparability with interventions against other
diseases. Note that technically, for the current
purposes, carrying out the cost—effectiveness
analysis of health interventions using utilities,
such as DALY, in the numerator would be called
a cost—utility analysis (Drummond, 1987).

The first published attempt at assessing the
cost per DALY gained for anthelminthic chemo-
therapy was undertaken by Warren ez al. (1993),
using a simple static framework. The total cost
per child for a 10 year program (albendazole,
praziquantel and delivery costs) was assumed to
be US$8-18. The estimated gains in DALYs
arose from a reduction in morbidity and mortal-
ity in children during the intervention, post-
intervention health benefits for the target group,
and indirect health benefits for the families of the
target group during the intervention. The reduc-
tion in morbidity was assessed as functions of the
proportion of children with high or mild-mod-
erate infections, and the disability weights for the
morbidity associated with high or mild-moderate
infections. The mortality prevented was deter-
mined from the estimated number of deaths and
the life expectancy at death. It was estimated that
the program would cost US$6-12 (moderate-
effect estimates) or US$15-33 (low-effect esti-
mates) per DALY gained.
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The model by Warren et al. (1993) was
essentially static. A more recent cost—utility
analysis in terms of cost per DALYs gained for
school-based delivery of anthelminthics has been
undertaken using a population dynamic model in
relation to A. lumbricoides infection (Chan et al.,
1994a). The model is an extension of the Chan ez
al. (1994b) age-structured model for intestinal
nematodes alluded to before, with three rather
than two age-groups: pre-school children, school-
age children and adults. Morbidity is classified
into four types, defined by group affected,
duration of disability and the number of worms
associated with the condition. A low-threshold
worm burden is associated with reversible growth
faltering in children and/or reduced physical
fitness in children and adults (Type A), and
permanent growth retardation in 3% of children
(Type B). A high-threshold burden is associated
with clinically overt acute illness of short dura-
tion (Type C) and acute complications in 70% of
those with Type C (Type D). Mortality was
assumed to occur in 5% of Type D cases. The
low and high-threshold worm burdens were age-
dependent, and each morbidity type was asso-
ciated with assumed disability weights. Chan
(1994b) predicted that 70% of the total DALY
loss in a community with a high prevalence of
infection could be averted by treating 60% of
school-aged children every year for 10 years, at a
cost per DALY averted of USS$8.

Both these estimates would suggest that
helminth control is an exceptionally good ‘buy’
in public health terms (World Bank, 1993). They
also show that gaining an understanding of the
impact of many of the critical components of
cost—effective treatment, such as frequency and
duration of treatment, coverage and age-target-
ing, can only come from incorporating parasite
population dynamics and epidemiology into
economic evaluation frameworks.

CLASSICAL PARASITE EPIDEMIOLOGY

No chapter on epidemiology would be complete
without some explanation of the application of
medical statistical methods to understanding the
patterns of disease and their causation and
control. Here we give examples of two

approaches—the randomized trial and meta-
analysis—that have been fundamental to under-
standing infectious disease, and indeed much
else, in epidemiology. The reader is referred to
specific texts (see Hedges and Olkin, 1985) to
explore this in more detail.

A Randomized Trial

Intestinal nematodes infection constrains the
physical and intellectual development of school
children in low-income countries (Bundy and de
Silva, 1998). Few studies have examined the
impact of infection on younger children, partly
because the burden of worms and, it has been
assumed, disease is light at this early age, but
perhaps mainly because of the practical difficulty
in reaching this pre-school population. In Uttar
Pradesh in northern India there are high levels of
worm infection and malnutrition in the pre-
school group (Gaitonde and Renapurkar, 1979)
and a study of supplementary nutrition has
shown a benefit of deworming these children
(Gupta et al., 1977). Furthermore, the State
Integrated Child Development Scheme (ICDS)
now provides a health care infrastructure that
reaches all children under 5 years of age.

To determine whether there was a growth
benefit from the deworming of these pre-school
children, we conducted a randomized trial within
the ICDS infrastructure of urban Lucknow UP.
A health worker in each of the 203 designated
urban slum areas provides general care to
children under 5, including immunization and
10000 units vitamin A for children 5 years up
every 6 months. Fifty of these slum areas were
randomly selected for the study. All continued
normal care, but 25 were randomly allocated to
receive, in addition, 400 mg albendazole (Zentel,
SmithKline Beecham) as 10 ml suspension at the
same interval as the vitamin A. All resident
children aged 1-5 were recruited to the study,
and all parents of eligible children provided
written consent. A research team measured the
height (+1mm) and weight (+100g) of each
child at baseline, and then at 6 month intervals
for 24 months. The health workers and parents
were not blind to the intervention, but the
measuring team were blind to previous anthro-
pometric data on the subjects.
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Table 2.6 Weight gain over 2 years in children receiving
normal care with or without deworming, stratified by
nutritional status at baseline

Normal care With albendazole
Weight gain (kg) (n)

Underweight 3.56+1.13 4.53+1.56
Not underweight 2.57+1.19 3.24+1.41
Stunted 3.014+1.29 4.12+1.39
Not stunted 2.92+1.23 3.69+1.43
Wasted 3.984+1.06 4.88+1.31
Not wasted 2.82+1.22 3.69+1.41

All differences significant at p=0.001, except for the difference in
weight gain between children who were stunted or non-stunted at
baseline and received normal care.

A total of 4003 children were enrolled in the
study. Relative to WHO reference standards, the
point prevalence of underweight was 48.4%
(=2SD, weight for age), stunting 61.3% (=2SD,
height for age), and wasting 17.7% (=2SD,
height for weight). The children were all from
families with incomes below the national poverty
level, and 51.4% were girls. There were no
significant differences at baseline in any of these
variables or in age distribution between the two
arms of the study. The children were surveyed
five times (at 0, 6, 12, 18 and 24 months) and
anthropometric data were collected for all
surveys from 95% of the children in each arm
(1885 children receiving normal care, and 1890
children receiving albendazole in addition). At
24 months, 99% of the surviving children were
measured. There were 25 deaths in 2 years, 15 in
the normal care group and 10 amongst those
receiving albendazole in addition to normal
care.

Because treatment and randomization was by
area, we compared the area-specific weight and
height gains for each of the 25 areas in each
treatment arm, although here we report the
overall means and standard errors for each
arm. At 1 year follow-up there was no significant
difference in height gain (7.5+0.3cm vs.
7.6+0.4cm: normal care vs. with deworming),
but the albendazole group had gained signifi-
cantly more weight (1.554+0.06kg vs.
1.93+0.08 kg: normal vs. with deworming). At
2 years the albendazole group showed a 6 +3%
greater height gain (13.4cm vs. 14.1 cm; normal
vs. with deworming) but this was still not a
significant difference. The albendazole group

continued to show a highly significant difference
in weight gain (2.8+0.1kg vs. 3.84+0.1kg:
normal care vs. with deworming), with the
dewormed children exhibiting a 354+5% better
weight gain; equivalent to an additional
1+0.15kg over 2 years.

Table 2.6 shows that for all children, irrespec-
tive of treatment group, the weight gain at 2
years was greater for those children who were
malnourished initially. For all nutritional cate-
gories, the weight gain was significantly greater
for those children who received albendazole in
addition to normal care, with the greatest gain in
weight for wasted children and the least for
stunted children. The lack of a significant height
gain may reflect an initial increase in tissue mass
rather than linear growth for these disadvantaged
children, the height gain was greatest for those
stunted initially, and least for those wasted (data
not shown).

These results suggest that 6 monthly deworm-
ing can promote weight gain in malnourished
pre-school children in India. The mechanism for
this gain is not indicated by the present study. It
may reflect a direct effect of deworming on
nutrition in general, or an indirect effect leading
to greater uptake of vitamin A specifically in
these supplemented children. An association
between ascariasis and vitamin A malabsorption
(Sivakumar and Reddy, 1975) and a recent study
in an area of low infection prevalence showed a
benefit of vitamin A supplementation that was
not further enhanced by deworming (Donnen et
al., 1998).

In pre-school children there is a direct correla-
tion between weight and relative risk of death,
and in India in particular a high proportion of
under 5s mortality is attributed to the potentiat-
ing effects of malnutrition on infectious disease
(Pelletier et al., 1994). The present results suggest
that deworming tablets, costing less than
US$0.10 per annum and delivered through the
existing ICDS infrastructure, could contribute to
improved child growth and, perhaps, survival.

A META-ANALYSIS

A meta-analysis, also known as a systematic
review, is a statistical procedure in which the
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results of previous research are integrated, with
the aim of being able to resolve issues that cannot
be concluded from a single study alone. It
addresses: (a) the formal synthesis of the results
of independent studies to yield a quantitative
estimate of the overall size of the response
parameter, supported by the larger sample sizes
afforded by combining individual studies; and (b)
the quantification and investigation of sources of
heterogeneity among studies. In medical sciences,
the intensifying use of meta-analysis has coin-
cided with the increasing focus of medical
research on the randomized clinical trial (Peto,
1987), the subject undoubtedly benefiting from
the rising level of concern about the interpreta-
tion of small and individually inconclusive
clinical trials. The use of meta-analysis, however,
is not confined to the synthesis of information
from experimental studies alone, and a number
of studies that involve the meta-analysis of non-
experimental data have been published in recent
years (Petitti, 1994). More recently, the method
has also been applied to the synthesis of
ecological and evolutionary data, including data
on parasitic infections (Arnqvist and Wooster,
1995; Poulin, 1996; Michael et al., 1994). Here,
we will address the use of meta-analysis for
gaining a better understanding of the population
biology of parasitic infections based on examples
from Poulin (1996) and Michael ez al. (1994).
Readers interested in the more traditional use of
meta-analysis in summarizing and integrating
results from randomized clinical trials in tropical
medicine are referred to the excellent systematic
reviews addressing the efficacy of different treat-
ments for various parasitic diseases, made
available electronically by the Cochrane Parasitic
Diseases Group at the Cochrane Collaboration
website (Germany http://www.imbi.uni-freiburg.de,
UK: http:/www.cochrane.co.uk).

The Effect of Gender on Helminth Infections

Poulin (1996) employed a fixed effects meta-
analysis (Hedges and Olkin, 1985) to investigate
whether there was a consistent host sex bias in
infection levels (in terms of both prevalence and
intensity) with helminth parasites. The analysis
was carried out by comparing published data on

parasite burdens between female and male
vertebrates. Evidence of a bias in favour of one
sex would suggest that higher levels of parasitism
may be a relative cost associated with that sex
and could have a range of evolutionary implica-
tions.

Data for the meta-analysis were obtained from
a total of 85 published studies and yielded a total
of 295 comparisons of prevalence and 169
comparisons of intensity. Some species were
involved in more than one comparison, as certain
host species harboured more than one parasite
species and certain parasite species infected more
than one host species. Host species involved in
the comparisons represented several families,
although no host taxon was involved in a
disproportionate number of comparisons. How-
ever, among parasites, digeneans and especially
nematodes were well represented in the data set.
Comparisons of prevalence and intensity of
infection between the sexes were computed for
each set of values, essentially to obtain standar-
dized effect size measures that are independent of
sample size (Hedges and Olkin, 1985). For
prevalence, differences were calculated using the
following formula:

(Pf - Pm)(J) (2)
where

3
C4(N;+ Ny —2)— 1

J=1

which is simply the difference between the
prevalence in females (P;) and that in males
(P,) weighted by J, which is a correction for
small sample sizes or numbers of individuals
examined (N; and N,). As total sample size
increases, J will approach 1, such that more
weight is given to comparisons based on larger
sample sizes. The comparison was computed to
give positive values when prevalence is greater in
females but negative values when greater in
males. Similarly, differences in intensities were
computed as:

(If - Im)J

T 3

which is again the difference between the mean
intensity in females (/;) and that in males (7))
corrected for sample size (here denoting the
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Press

numbers of infected individuals). Differences in
intensity were expressed as a proportion of the
intensity in females to standardize for the
variability in the mean intensities recorded,
which ranged from a few parasites to several
thousand parasites per host. If there is no sex bias

in levels of infection, differences in prevalence
and infection are expected to be normally
distributed around a mean of zero. Also, the
number of positive differences (higher levels of
infection in females) should equal the number of
negative ones (higher infection in males).
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The results of the study indicated a tendency
for infection prevalence to be higher in males in
many types of host—parasite associations, parti-
cularly for nematode infections in birds and
mammals. The male bias in prevalence was also
apparent in birds and mammals when all parasite
species comparisons were pooled (birds X = —5.43,

df=90, ¢ (two-tailed to compare estimated value
against expected mean of zero)=3.970, p<0.001;
mammals, X=—3.78, df=109, =2.993, p <0.005).
There were also more negative (male-biased) than
positive (female-biased) differences in prevalence
among bird and mammal hosts (birds: 63 vs. 25,
x2=16.41, p<0.001; mammals: 64 vs. 41, y2=5.04,
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p<0.025; see Figure 2.6). By contrast, intensity of
infection showed no clear sex bias except for
nematodes parasitizing mammals, differences in
infection intensity once again being significantly
male-biased. When all comparisons were poled by
host type, a male bias was again observed only in
mammals X =—0.69, df=58, r=4.086, p<0.001).
The frequency of male-biased differences were
also more common than female-biased ones (37
vs. 21, y?=4.41, p<0.05; Figure 2.7).

The Association between Microfilaraemia
and Chronic Disease in Lymphatic Filariasis

A long-held tenet in the epidemiology of lym-
phatic filariasis, the major mosquito-borne
helminth infection of humans, is that patent
infection (microfilaraemia) is negatively related
to chronic disease. In conjunction with immuno-
logical findings (Ottesen, 1992), this perception
had led to the conventional explanation that
chronic pathology patients (i.e. those with
lymphoedema and hydrocele) are negative for
patent infection because of re-expression of anti-
parasite immunity.

Michael and colleagues (1994) employed meta-
analysis techniques to examine the empirical
evidence for the relationship between an indivi-
dual’s microfilarial and disease status using
published data from field studies carried out in
a variety of bancroftian filariasis endemic areas.
The aims were two-fold; first, to determine
whether there is a negative association between
the occurrence of chronic disease (hydrocele,
lymphoedema and the two combined) and patent
infection, as suggested by the immunological
model; second, to determine whether the form of
this association varies between studies, and
whether this heterogeneity is attributable to
variations in the local infection prevalence, as
suggested by a dynamic model of disease (Bundy
et al., 1991).

The analysis required information on the
numbers of individuals in a given community
with (a) microfilaraemia (mf) alone, (b) disease
alone and (c) both mf and disease signs. An
extensive literature survey located a total of 25
studies meeting this data requirement, although
only 14 studies provided enough information to

undertake separate analyses for hydrocele and
lymphoedema. These surveys encompassed the
major filariasis endemic regions (Indian sub-
continent, Africa, the South Pacific islands and
Brazil) and vector species, as well as a broad
range of local infection prevalences. For each
community, the association between mf and
clinical disease was assessed via the 2x2 con-
tingency table using odds ratio analysis (Fleiss,
1993). The odds ratio (OR) is a measure of the
degree of association between mf and disease
status, and denotes the odds of disease occurring
in mf-positives relative to mf-negatives. The y2
test is employed as a test of independence, an OR
of 1 indicating an equal chance of disease in mf-
positives and mf-negatives. The immunological
model of filarial infection and disease implies a
significantly lower odds of disease in mf-positives
(OR Iess than 1). A fixed effects meta-analysis
was undertaken to compare and aggregate results
from different studies and to evaluate the global
evidence for the observed association between mf
and disease. Succinctly, let 0; be the odds of
disease occurring in mf-positives relative to mf-
negatives, and let w; denote the reciprocal of its
variance in the ith study (see standard formulae
given in Hedges and Olkin, 1985; Fleiss, 1993).
Then a good estimator of the assumed common
underlying effect size is:

0= > 0wi/> owi ()]

With an approximate 95% confidence interval
for the estimate given by:

0+1.96 (1 /Ewi) (5)

Michael and colleagues (1994) also tested for the
existence of significant between-study hetero-
geneity in the relationship by constructing the
statistic:

Q=Y wi(6 — ) (6)

When effect sizes are homogeneous, Q follows a
x2 distribution with (k—1) degrees of freedom,
where k denotes the number of studies.

The results of the meta-analyses of the occur-
rence of combined chronic disease, hydrocele only
(for males) and lymphoedema only in mf-
positives, are displayed graphically in Figures
2.8-2.10. In each figure, the estimated ORs from
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Fig 2.8 Odds ratios (mf-positives to mf-negatives) and 95% confidence intervals for 23 studies of the relation between the presence
of mf and combined chronic disease (hydrocele and lymphoedema) in bancroftian filariasis. Two studies (marked with asterisk)
provided data only for males. See text for explanation of the figure and interpretation of the results. *Ivory Coast; PKoupela; ‘Mali;
Tingrela. For references, see source. From Michael et al. (1994), with permission

individual studies are plotted in descending order
of magnitude, together with their respective 95%
confidence intervals. Ratios lying to the right of
the unity line (OR > 1) denote a positive associa-
tion, or a higher observed probability of disease in
mf-positives. By contrast, an OR located to the
left (OR < 1) represent a negative relationship for
that study, with a higher chance of disease in mf-
negatives. Studies in which the 95% confidence
interval of the estimated OR include 1 signify
equal chance of disease in their respective mf-
positive and mf-negative populations. The results
show that, contrary to the expectation of a
negative association between mf and chronic
disease, most studies had ORs that did not differ
significantly from unity (12/21 for combined
chronic disease, 8/14 for hydrocele, and 8/12 for
lymphoedema), and thus provide no evidence for a
significant association between the presence or
absence of patent infection and the occurrence of
disease. Indeed, the overall results suggest a bias
towards a positive association, with more studies

in each disease category showing significantly
higher rather than lower odds of disease in mf-
positives (Figures 2.8-2.10). However, for all three
meta-analyses, there was significant between-
study variability which precluded the computation
of a common OR for these studies. Michael and
colleagues, however, showed that although there
could be regional effects, the observed between-
study variability could be explained by the local
incidence of infection; in general, there was a
trend for the odds of patent infection in
diseased individuals to increase positively with
increasing prevalence of infection (Figure 2.11).
The authors concluded that, on balance, these
results supported the prediction of the dynamic
model of disease (proportion of individuals with
both chronic disease and microfilaraemia
increase with increasing prevalence of infection
because of higher probabilities of reinfection)
rather than the immunological model of infec-
tion and disease development in lymphatic
filariasis.
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Fig 2.9 Meta-analysis of 14 studies of the relation between the presence of mf and hydroceles in males. The individual study odds
ratios (mf-positives to mf-negatives) are plotted together with their 95% confidence intervals. *Tingrela; "Koupela; “Mali. For
references, see source. From Michael et al. (1994), with permission
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Fig 2.10 Meta-analysis of 14 studies. Two studies provided data for males only (marked with asterisk) of the relation between the
presence of mf and lymphoedema. *Koupela; “Tingrela. For references, see source. From Michael et al. (1994), with permission
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The relationship between individual study odds ratios (ORs) of disease in mf-positives relative to mf-negatives by region

and the prevalence of infection in each study. Note that the natural logarithms of the ORs are plotted—negative ratios indicate
more disease in mf-negatives for that study, while positive ratios signify greater probability of disease in the mf-positive
subpopulation of the presenting study. Asterisks denote the estimated ORs from studies from the Indian subcontinent, closed
squares represent ORs from the South Pacific islands, and diamonds are ORs estimated for studies from Africa. Vertical bars
denote the estimated 95% confidence intervals (natural log scale) of each study OR. From Michael ef al. (1994), with permission

These examples demonstrate that with careful
application, meta-analysis can provide a tract-
able and powerful tool for arriving at general
conclusions regarding major epidemiological
questions in parasitic infections. Recent develop-
ments in incorporating randomization and
bootstrap tests into meta-analysis, in order to
determine the significance level of a given
statistic, have the potential to further enhance
the applicability of this technique to non-
randomized observational field data (Adams et
al., 1997). We predict that meta-analysis will
have a substantial impact in uncovering broad
patterns in the accumulated body of epidemiolo-
gical research over the next few years.

EMERGING TECHNOLOGIES IN
EPIDEMIOLOGY: REMOTE SENSING AND
GEOGRAPHICAL INFORMATION
SYSTEMS

Disecase mapping has a long history (Howe,
1989), and the early studies undertaken in this

area exemplify the power of the method in
defining the environmental and social aetiology
of a specific disease (Snow, 1854; Palm, 1890).
Yet, it is only recently that disease mapping has
become integral to the study of infectious disease
epidemiology and control (Mott et al., 1995).
Two major technological advances underlie this
development. The first is the advent of powerful
and affordable computer mapping systems in the
1980s (Openshaw, 1996). Known as geographical
information systems (GISs), such computer soft-
ware packages permit the capture, storage,
analysis and display of any and all types of
geographical reference data. The second techno-
logical innovation concerns the increasing
availability and ability to integrate data from
remote sensors (RS) based on space platforms
within GISs, which allow the investigation of
disease co-distribution with environmental vari-
ables at various spatial scales (Openshaw, 1996).
The value of stand-alone GIS and integrated
GIS/RS-based approaches, not only to gain
understanding of the spatial distribution of
infection but also to aid the design and imple-
mentation of control programs, has been
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demonstrated recently for a range of parasitic
diseases, including malaria (Beck et al., 1994;
Thomson et al., 1997, Omumbo ef al., 1998;
Snow et al., 1999). African trypanosomiasis
(Rogers and Williams, 1993), onchocerciasis
(Richards, 1993) and dracunculiasis (Clarke et
al., 1991).

This chapter aims to describe the use of GIS
and integrated GIS/RS approaches to under-
standing infectious disease distribution and
control, using examples from work carried out
on African trypansomiasis, and on lymphatic
filariasis among helminth parasites. Readers are
referred to the review by Mott and colleagues
(1995) for descriptions of applications to other
tropical parasitic diseases.

African Trypanosomiasis

The geographic approaches undertaken for this
disease illustrate how predicting the distribution
of vectors using remotely sensed data on
associated environmental co-variables can help
to define areas of vector-borne disease transmis-
sion. The main utility of these studies has been to
demonstrate the potential of remotely sensed
satellite data in uncovering vector—environmental
relationships relevant to mapping the co-distri-
bution and spread of vectors and the disease they
cause (Hay et al., 1997). Thus, Kitron et al.
(1996) analysed tsetse fly catches from sets of
traps set in the Lwambe Valley of Western Kenya
during 1988-1990, and found that high resolu-
tion Landsat Thematic Mapper (TM) imagery
data were able to explain most of the variance in
fly catch density. In particular, wavelength band
7 of the Landsat-TM imagery, which is asso-
ciated with soil-water content, was found to be
consistently highly correlated, reflecting the
importance of soil moisture in tsetse survival.
By contrast, Rogers and Randolph (1991,
1994) explored the utility of Global Area Cover-
age (GAC) normalized difference vegetation
index (NDVI) data, derived from the National
Oceanic and Atmospheric Administration’s
(NOAA) Advanced Very High Resolution
Radiometer (AVHRR), as a proxy for studying
tsetse fly ecology and distribution in West Africa,
since they considered the NDVI to integrate a

variety of environmental factors of importance to
tsetse survival. They found an inverse relation-
ship between monthly NDVI and fly mortality
rate in the Yankari game reserve in Nigeria, and
significant non-linear relationships between tsetse
fly abundance and NDVI in the northern part of
Cote d’Ivoire. They focused on a 700 km transect
running north—south through Cote d’Ivoire and
Burkina Faso. This area is of particular epide-
miological interest, since sleeping sickness is
found only in the central region of the transect,
despite the local vector (Glossina palpalis) occur-
ring throughout. The analysis showed that this
focalized transmission was a result of differences
in overall fly size. During the wet season, the
NDVIs across the transect were all high and fly
size was uniformly large. In the dry season,
however, fly size was strongly correlated with
NDVI, with flies in the drier north significantly
smaller than those in the wetter south. Since
mortality increases with decreasing fly size in
tsetse, these data were interpreted as indicating a
geographical gradient in the degree of man—fly
contact, and thus trypanosome transmission
potential. In the south, low mortality rates
resulted in high densities of flies, but the flies
were not nutritionally stressed (even seasonally)
and so did not often resort to biting humans,
who are not favoured hosts. Conversely, in the
north, fly populations suffered too high a
mortality to pose a serious health risk. Only in
the central areas was there an intermediate
density of sufficiently stressed flies, resulting in
a regional and seasonal focus of disease transmis-
sion. This study showed that, although at
relatively small spatial scales both tsetse distribu-
tion and abundance and disease incidence and
prevalence could be related to the low-resolution
NDVI, the interpretation of the data required a
knowledge of local conditions and fly biology
from ground studies.

Rogers and Williams (1993) describe the
application of NOAA-AVHRR GAC-NDVI
data and synoptic meteorological temperature
data to the problem of predicting the larger-scale
distribution of Glossina morsitans in Zimbabwe,
Kenya and Tanzania. Temperature data (a
critical climatic variable in determining the
survival of tsetse) were included in the analysis
by interpolating data from meteorological sta-
tions to grid squares covering the whole of
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Zimbabwe. When these data were combined with
NDVI variables in a linear discriminant analysis,
the historical distribution of G. morsitans in
Zimbabwe, as described in Ford and Katondo
(1977), was predicted with an accuracy of over
80%, thereby indicating the utility of remotely
sensed data in predicting fly distributions at
broader spatial scales. However, the statistical
difficulties of selecting those climatic and remo-
tely sensed variables of apparent importance in
determining the observed distribution pattern
were highlighted by Rogers and Randolph
(1993). These authors re-assessed the distribu-
tions of G. morsitans in Zimbabwe, Kenya and
Tanzania via predictions from a discriminant
analysis of several components of NDVI
(monthly mean, minimum, maximum and
range), elevation and synoptic temperature
data. Although they were able to predict the
distribution to an overall accuracy of 82%, the
key variables contributing most to the prediction
varied between the countries (Figures 2.12-2.14,
see Plates I-11I). This could suggest that at the
very least the environmental-vector abundance
relationship varies at regional scales, thereby
precluding the building of general global pre-
dictive models. Alternatively, the results may
indicate difficulties with the analysis of complex
multivariate data. Recent work investigating the
application of temporal Fourier analysis (Rogers
and Williams, 1993) and multivariate techniques
based on likelihood principles (Robinson et al.,
1997) to climate and remotely sensed vegetation
data for predicting fly distributions has
attempted to address this issue.

Lymphatic Filariasis

The recent renewed global interest to achieve
control of this disease has reinitiated efforts to
gain a better understanding of the geographic
distribution of lymphatic filariasis at all spatial
scales from global, regional to within-endemic
country scales (Michael and Bundy, 1997).
Recent disease mapping activities have therefore
focused on mapping the available information on
geographic patterns of infection and disease
cases, both for descriptive purposes and for the
provision of data for measures of need and

populations at risk, using data at the global
and regional scales (Michael and Bundy, 1997).
The distribution of cases at a finer spatial
scale, however, was undertaken by Thompson
et al. (1997), who applied an integrated RS—
GIS approach to understanding disease dis-
tribution among villages within the Southern
Nile Delta.

Mapping and Analysis of Filariasis
Distribution at the Global and Regional
Levels

Michael and Bundy (1997) used a newly
assembled database on country-specific estimates
of case prevalence (Michael et al., 1996), to
construct the first maps of the spatial distribution
of lymphatic filariasis case prevalences at both
the global and regional levels (Figure 2.15A,B).
A striking feature of the resulting maps was the
high degree of geographical heterogeneity
observed in the estimated country prevalences.
In general, countries with bancroftian filariasis
(the more important of the two disease forms) in
Asia and South America appear to have lower
prevalences compared to estimated country pre-
valences in the sub-Saharan African and Pacific
Island regions (Figure 2.15A). The map for
brugian filariasis (Figure 2.15B) appears to be
relatively more homogeneous, although there is a
slightly higher prevalence in the eastern regions
of the distribution.

The authors investigated the apparent spatial
heterogeneity for bancroftian filariasis distri-
bution using simple statistical models for
assessing the significance of area data (Cliff and
Hagett, 1988). In particular, the approach of
Poisson probability mapping was employed to
construct maps of the statistical significance of
the difference between disease risk in each study
area and the overall risk averaged over the entire
map. Such a mapping procedure not only
stabilizes the individual prevalence rates for
population size variations (which contributes to
apparent heterogeneity), but may also provide a
tool for highlighting truly anomalous areas
(Bailey and Gatrell, 1995). The global probability
map for bancroftian filariasis is displayed in
Figure 2.16 and, although as expected the
transformation of the country prevalences to a
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Fig 2.15 Geographical distributions of bancroftian (A) and brugian (B) filariasis case prevalences based on the crude GBD
estimates. Circles denote the corresponding prevalences (%) estimated for various Pacific islands and vary in size proportionately
with the prevalence of each island. The figures in brackets indicate the number of countries
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Fig 2.16 Global Poisson probability map for bancroftian filariasis case prevalences. The map shows p;_ ... values, and may be
interpreted by considering that there is a ‘high probability’ (p > 0.90) that the prevalence estimated in each black area is higher than
the mean global value (MGV); there is ‘equivocal evidence’ that the risk of each dark-shaded area is higher than the MGV
(p=0.50-0.90) and that of each light shaded area is lower than the MGV (p=0.10-0.50); and, finally, there is a ‘high probability’
that the risk of each medium shaded area is lower than the MGV (p <0.10). (Note: caste probabilities for all the other endemic

Pacific Island countries lay between 0.50 and 0.90)

probability scale replaces the high spatial
variation of the original map with a more
homogeneous pattern in the ‘between-country’
distribution of cases, the results also confirm the
impression from Figure 2.15A that the underlying
case rate for the disease is not constant across the
world. Instead, the case rates exhibit strong
regional variations, with more countries in Africa
and the Pacific Island region (not shown) with
probabilities of infection and disease higher than
the global mean rate, compared to countries in
Asia or South America (Figure 2.16). This finding
of a significant regional influence on spatial
variation suggests that separate analytical maps
based on regional mean rates will be required to
identify anomalous or priority counties within
each endemic region. They also argue for a
geographically targeted strategy for filariasis
control.

The Effect of Diurnal Temperature
Differences on Bancroftian Filariasis
Distribution

Thomson et al. (1996) used remotely sensed data
on diurnal temperature differences (dT) in con-
junction with spatial data on case prevalences
from 297 villages within the Southern Nile Delta,
and showed that this environmental variable may
underlie the observed spatial distribution of
lymphatic filariasis, at least within their study
region. dTs indicate surface and subsurface
moisture contained in the soil and plant canopy,
and hence may act as a surrogate for the
abundance of the mosquito vector, Culex
quinquefasciatus. Satellite image data from
NOAA-AVHRR were analysed to determine
dTs for the southern Nile Delta, while the case
prevalence and locational data for each of the
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Fig 2.17 Mean diurnal temperature differences of southern Nile delta, 16 August 1990, with study village sites superimposed

according to bancroftian filariasis prevalence category

297 villages were inputted into a GIS. Point dT
values for each village were obtained by aver-
aging the values for 3 x 3 pixel areas (10km?)
centred on the corresponding longitude and
latitude of each village. The digitized filariasis
prevalence data were superimposed on the dT
map and assigned to each of four prevalence
categories, 0.5%, 5%, 15% and 25%, respec-
tively (Figure 2.17). The association between
village dT value and prevalence category was
investigated using stepwise polychotomous logis-
tic regression, which indicated a significant
relationship between the two variables. Similar

applications of dT maps or other remotely sensed
data to delineate areas of risk with Bancroftian
filariasis in other disease-endemic regions await
study.
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Malaria is one of the major causes of disease for
people living in tropical and subtropical areas.
Despite intensive control efforts during the twen-
tieth century, approximately 40% of the world’s
population still remain at risk of infection.
Globally, it is estimated that there are 300-500
million new Plasmodium infections and 1.5-2.7
million deaths annually due to malaria (World
Health Organization, 1996). Most morbidity and
mortality is caused by Plasmodium falciparum, and
the greatest disease burden is in African children
under 5 years of age. Unfortunately, the impact of
malaria infections on health is increasing as
financial constraints continue to hamper malaria
control programmes. Mosquitoes have become
resistant to insecticides and drug-resistant para-
sites have spread through many endemic areas.
Most recently, global warming has the potential to
expand the extent of anopheline-susceptible areas
and to put even more people at risk.

HISTORICAL INTRODUCTION

It is likely that malaria first affected monkey and
ape populations and then early humans living in
the forests of Africa and Asia. The earliest record
of probable human malaria infection occurred in
a Chinese document prepared around 2700 BC
(Bruce-Chwatt, 1988). The disease was well
recognised by Hippocrates (460-370BC) who
classified fevers into quotidian, semi-tertian,

tertian and quartan patterns. He also noted the
association between splenic enlargement, fever
and ill-health and drinking water from marshy
places. It had been postulated that ‘marsh fevers’
were caused by animals that passed through the
air and into the body (Marcus Terentius Varro,
11627 BC). They thus became known as ‘mal’
‘aria’ (spoiled air) (Bruce-Chwatt, 1985). Peru-
vian bark (quinine-containing bark of the
cinchona tree) had been used early in the
seventeenth century by Jesuit priests to treat
patients with intermittent fevers in South Amer-
ica. The first written account of its use in England
occurred in 1652 (Metford, 1652).

Malaria parasites were first discovered in the
blood of a soldier suffering from malaria in 1880
by a French Army Surgeon, Charles Laveran
(Laveran, 1880a,b). There was considerable initial
scepticism about this discovery, as many in the
scientific community believed that malaria was
caused by a bacterium, ‘Bacillus malariae’. In
1886, Plasmodium vivax and P. malariae were
described as the causes of tertian and quartan
malaria, respectively, by Camillo Golgi (1886).
Marchiafava and Bignami and colleagues went
on to describe P. falciparum in 1889 and were
able to associate it with the most severe and
lethal form of malaria (Marchiafava and
Bignami, 1894). Plasmodium ovale was eventually
observed in the blood of a patient from East
Africa in 1922 (Stephens, 1922).

Patrick Manson had shown that mosquitoes
were the likely vector for filariasis and in 1894
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published the opinion (also held by many others)
that mosquitoes were likely to harbour malaria
parasites. Influenced and encouraged by Man-
son, Ronald Ross first observed parasite forms in
mosquito stomach cells in India in 1897 (Ross,
1897). Subsequently, the Italian researchers
Bignami, Bastianelli and Grassi described the
entire sporogonic cycle of human plasmodia in
Anopheles mosquitoes (Grassi et al., 1899). Some
50 years later the exo-erythrocytic cycle of
malaria was defined (Shortt and Garnham,
1948) and the dormant liver stages or hypno-
zoites responsible for relapses were discovered
(Krotowski et al., 1982).

Quinine was identified as the active constituent
of Peruvian bark in 1820 and remained the drug
of choice for treatment and prevention of malaria
for the next century. During World War II,
research efforts intensified and mepacrine hydro-
chloride (Atabrine) was tested, commercialised
and then used widely in military personnel.
Chloroquine was discovered in Germany and
developed in the USA and by 1946 was
considered the drug of choice for malaria. During
the next few years proguanil and pyrimethamine
were developed and used widely, although their
effectiveness was noted to be declining during the
1950s. In 1960, P. falciparum resistance to
chloroquine developed de novo in both Colombia
and Thailand. Resistance has gradually spread
through most malaria-endemic areas and has led
to renewed reliance on quinine as the mainstay of
malaria therapy, as well as to the development of
several new antimalarial drugs.

The successful efforts by many countries to
control malaria with insecticide spraying pro-
grammes led to the announcement in 1957 of a
World Health Organization global campaign for
the eradication of malaria. This campaign
generated excellent results over the next 15
years in Europe, North America, Asia, Central
America and the USSR, but malaria was never
really threatened in the more severely affected
areas of Africa. Unfortunately, the campaign
stalled in many tropical countries due to lack of
resources, increasing resistance of mosquitoes to
insecticides and increasing resistance of parasites
to antimalarial drugs. The resurgence of disease
in many countries, together with the discovery by
Trager and Jensen (1976) of a method to culture
P. falciparum in vitro, followed by the cloning of

P. falciparum genes in 1983, has led to intense
efforts to develop a malaria vaccine during the
last two decades. Much progress has been made
and the first results showing efficacy of a defined
antigen malaria vaccine in experimental infec-
tions in humans were reported from the USA
(Ballou et al., 1987; Herrington et al., 1987).
When developed, a vaccine will only be one
weapon in the fight against malaria that will need
to be integrated with traditional and newer
methods of control. In the meantime, current
control activities require consolidation and,
where appropriate, expansion to meet the com-
plex challenges of this disease.

DESCRIPTION OF THE ORGANISMS

Taxonomy

The genus Plasmodium can be classified into nine
subgenera: three occur in mammals (humans,
primates and rodents), four in birds and two in
lizards (Garnham, 1966). The species that infect
humans are P. falciparum, P. vivax, P. ovale and
P. malariae.

Molecular phylogenetic analysis using small
subunit ribosomal RNA genes from various
Plasmodium spp. has supported Garnham’s origi-
nal hypothesis, that P. falciparum originated from
an avian malaria parasite (Waters et al., 1991).

Life-cycle and Morphology

Pre-erythrocytic Stage

All human Plasmodium spp. are transmitted by
the bite of female Anopheles mosquitoes (Figure
3.1). At the time of feeding, sporozoites can leave
the salivary ducts to enter the bloodstream,
where they circulate for a short time before
invading hepatocytes. Parasites develop in the
liver over the next 7-10 days (pre-erythrocytic
stage), with nuclear division to form schizonts.
Hepatic infection is asymptomatic and may last
from about 6 days to several weeks. When
hepatocytes rupture, schizonts release into the
bloodstream thousands of merozoites that in
turn invade erythrocytes. In P. vivax and P. ovale
malaria, some parasites may become dormant in
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Fig. 3.1 Female Anopheles mosquito resting after feeding. Photo courtesy of Dr Robert Gwadz

the liver (hypnozoites) and emerge at a later stage
(up to 2 years or more after leaving an endemic
area) to cause a relapse of disease. Delayed
prepatent P. vivax infections also occur, with
incubation periods of up to 6-9 months in some
returned travellers.

Asexual Stage

The asexual blood stage begins when parasites
leave hepatocytes and invade erythrocytes. The
four human species may be differentiated accord-
ing to their appearance in peripheral blood
(Table 3.1; Figures 3.2 and 3.3). During this
stage, merozoites mature inside the erythrocyte
and develop from ring to mature trophozoites
followed by asexual division (schizogony) to
form schizonts, each of which may contain 24—
32 merozoites (P. falciparum and P. vivax).
Merozoites are released into the bloodstream as
schizonts rupture and erythrocytes lyse. Symp-
toms of malaria typically occur at the time of

schizont rupture, when parasite toxins act on
host cells to release cytokines, such as tumour
necrosis factor (TNF). The cycle repeats itself at
approximately 48 or 72 hour intervals, depending
on the species of Plasmodium. As infection
progresses, there is a tendency for replicative
cycles to become synchronous. In some cases the
parasitaemia can increase 10-fold every 48 hours.

Sexual Stage

A subpopulation of parasites differentiates into
sexual stages (gametocytes), which can infect
feeding mosquitoes to continue transmission.
Both female and male gametocytes are produced.
In P. falciparum infections, immature sexual
stages are sequestered in the spleen and bone
marrow (Thomson and Robertson, 1935; Smal-
ley et al., 1980). Maturation of gametocytes takes
about 10-14 days after patency in P. falciparum
infections, and 3 days in P. vivax infections (Day
et al., 1998). P. falciparum gametocytes can be
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Table 3.1 Morphology and other features
P. falciparum P. vivax P. malariae P. ovale
Asexual cycle (hours) 3648 48 72 48
Erythrocyte preference Prefers young RBCs but invades Reticulocytes Old RBCs Reticulocytes
all stages
Sequestration Yes—mature asexual stages and No Probably gametocytes No
gametocytes

Asexual stages RBC vary in size; small delicate
ring trophozoites on thin smear,
often multiple and at the edge of
RBC; single or double chromatin
dots; Maurer’s dots; mature
trophozoites and schizonts not
seen in peripheral blood; multiple
infections and high parasitaemia
common

Gametocytes
and microgametocytes

Appearance of 7-10
gametocytes (days)
Possible duration of At least 2

untreated infection
(years)

Enlarged RBCs;
Schuffner’s dots;
delicate ring and
amoeboid tropho-
zoites; schizonts
contain 12-24
merozoites

Crescentic (banana)-shaped macro- Rounded or oval

Normal sized RBCs;
thick ring, large
nucleus; trophozoites
form ‘bands’; schizonts
have 6-12 merozoites

Enlarged oval
RBCs;
Schuffner’s dots;
smaller ring than
P. vivax; non-
amoeboid
trophozoites;
schizonts contain
approximately 8

merozoites
Similar to P. vivax Smaller than P.
homogeneous vivax
cytoplasm; brown
pigment
3 14-21 4-18
4 40 4

Adapted from White (1996a).

found for a year or longer in non-immune
individuals with untreated, induced infections
(Jeffrey and Eyles, 1954, 1955). The morphology
of gametocytes is best characterised for P.
falciparum because of the ability to culture
these parasites in vitro (Day et al., 1998).

Development in the Anopheles Mosquito

After ingestion by an Anopheles mosquito,
gametocytes transform into male and female
forms (micro- and macrogametes, respectively).
Fusion and meiosis then occurs in the mosquito
stomach to produce a zygote. The enlarging
zygote then penetrates the wall of the mosquito
midgut and transforms into an oocyst. Parasite
development continues by asexual division until
the mature oocyst contains thousands of motile
sporozoites. After oocyst rupture, the sporozoites
migrate to the salivary glands, where they can
enter the human host at the time a blood meal is
taken. Inoculation of sporozoites into the vascu-
lature of a new human host during mosquito
feeding completes the malaria life cycle. The
actual number of sporozoites injected is

uncertain, with estimates ranging from a few
(perhaps only those in the salivary duct) to
several hundred. The development of the parasite
in the mosquito (sporogony) takes 8-35 days.

PATHOGENESIS

The events leading to invasion of erythrocytes
following the pre-erythrocytic phase of the life
cycle have been studied in great detail. Non-
specific attachment to the erythrocyte is followed
by apical reorientation of the merozoite prior to
invasion. The specificity of the process is
exemplified by P. vivax parasites, which can
only invade erythrocytes of Duffy-positive Fy Fy
phenotype (Miller et al., 1976). The paroxysms of
fever and chills that characterise acute malaria
are related to the rupture of erythrocytes and
release of merozoites and parasite products into
the circulation. It is likely that the systemic
symptoms are mediated by elevated cytokine
levels, as anti-TNF antibodies have been shown
to reduce fever in acute malaria (Kwiatkowski et
al., 1993).
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Fig. 3.2 Morphology of P. falciparum. (A,B) Thick and thin films in a patient with high parasitaemia. (C) Gametocytes in
peripheral blood after treatment (thin films). Photo courtesy of Mr Joe Manitta

P. falciparum has two distinguishing features, erythrocytes, causing them to sequester in parti-
which contribute to its increased pathogenicity in cular vascular beds.
comparison to the other species: it has the
capacity for amplification to high parasitaemia
(sometimes in excess of 30%) because red blood
cells of any age can be invaded; and mature The hallmark of P. falciparum malaria is the
forms of the parasite alter the surface of infected sequestration of infected erythrocytes within the

Sequestration
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Fig. 3.3 Morphology of P. vivax, P. ovale and P. malariae. (A) P. vivax, ring forms. (B) P. vivax, trophozoites. (C) P. ovale, ring
and free merozoites. (D) P. malariae, ring form. Photo courtesy of Mr Joe Manitta
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capillaries and postcapillary venules in the
brain, lung, heart, bone marrow, kidney, liver,
pancreas, intestine and other organs, and in the
intervillous spaces of the placenta (Luse and
Miller, 1971; White and Ho, 1992). Within 24
hours of erythrocyte invasion by merozoites,
mature trophozoite and schizont-infected cells
disappear from the peripheral blood and adhere
to vascular endothelium (Figure 3.4). The
slower blood flow and low oxygen tension
provides a favourable environment for further
parasite development. Sequestration also allows
mature parasites to avoid passage through the
spleen and likely clearance. In addition to
adhesion to vascular endothelium, infected
erythrocytes can adhere to uninfected erythrocytes
(Figure 3.5) (see ‘Rosetting’, below) and clumps
or layers of erythrocytes are sometimes observed
extending into the vessel lumen in cerebral
malaria. Sequestration from the peripheral
blood stream may contribute to diagnostic
difficulties in patients with highly synchronous
infections (i.e. parasites all mature at the same
time), as they may be critically ill at a time when
parasites are at very low levels or occasionally
undetectable in the peripheral circulation. P.
vivax, P. ovale and P. malariae do not sequester,
do not cause microcirculatory obstruction and
are rarely fatal.

Cytoadherence

Adherence of trophozoite and schizont-infected
erythrocytes in target organs appears to be a
major feature of the pathophysiology of
P. falciparum malaria. As parasites mature, the
infected erythrocytes become more rigid, less
deformable, and changes occur in parasite and
host surface proteins. One of the main changes in
the host is the aggregation of Band 3, which leads
to expression of ‘senescence’ antigen.

Infected cells usually adhere at the site of
parasite-dependent electron-dense protrusions of
the red cell membrane (referred to as ‘knobs’). In
addition, clonally derived populations of P.
falciparum are able to alter parasite antigens
expressed on the red cell surface, a process known
as antigenic variation (Biggs et al., 1991). Selec-
tion of isolates for a particular cytoadherence

phenotype is associated with antigenic variation,
suggesting that the variant antigen is involved in
cytoadherence (Biggs et al., 1992). One variant
antigen expressed at the surface of malaria-
infected cells is known as P. falciparum erythro-
cyte membrane protein | (PFEMP1). PFEMPI can
bind to many receptors, including CD36 (Baruch
et al., 1995), and is usually expressed in conjunc-
tion with knobs. The var genes encoding this
family of proteins have been identified and
sequenced (Baruch et al., 1995; Su et al., 1995)
but there may be other families of variant
antigens that are also expressed at the surface of
infected cells.

Many putative endothelial cytoadherence
receptors have been described in vitro, and
thrombospondin, CD36, ICAM-1, PECAM,
VCAM and chondroitin sulphate A all support
binding of some, but not all, P. falciparum
infected erythrocytes in vitro (Figure 3.4). Field
isolates may bind to any of these receptors,
but CD36 binds the highest proportion of
isolates. Binding of parasitised cells cultured
from peripheral blood does not correlate with
particular pathology, but a remarkably high
proportion of infected cells harvested from
placenta are able to bind to chondroitin sulphate
A, suggesting that these may be markers for
placental sequestration (Fried and Duffy, 1998;
Beeson et al., 1999) or hyaluronic acid (Beeson et
al., 2000). Parasite toxins and cytokines increase
expression of surface endothelial ligands, thus
contributing to a vicious cycle when sequestered
cells mature and rupture, causing local cytokine
release and upregulation of receptors, thus
favouring sequestration of the next brood of
parasites.

Rosetting

Rosetting refers to the adherence of uninfected
erythrocytes to erythrocytes containing mature
forms of some, but not all, isolates of P.

falciparum. The phenomenon is observed when

suspensions of parasitised cells are viewed under
the microscope, and for some isolates depends on
the blood group of the cells used for culture
(Figure 3.5). The relevance of the in vitro findings
is debated, as in some (Carlson ez al., 1990), but



60 PRINCIPLES AND PRACTICE OF CLINICAL PARASITOLOGY

Fig. 3.4 Adherence of trophozoite- and schizont-infected RBCs to vascular endothelium. (A) Section of brain from a patient with
cerebral malaria. (B) In vitro cytoadherence of RBCs to Chinese hamster ovary cells. B reprinted from Rogerson and Brown (1997),

with permission from Elsevier Science

not all, studies (e.g. al-Yaman et al., 1995), the
phenomenon has been associated with cerebral
malaria. Other studies show an association with
severe malaria with anaemia (Newbold ez al.,
1997). At least for some parasites, rosetting is
mediated by PFEMP1 (Rowe et al., 1995).

The Role of the Spleen

The spleen plays an important role in protection
against malaria, and asplenic individuals may be
at serious risk from P. falciparum infection.
Indeed, experienced surgeons in tropical regions
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Fig. 3.5 Adherence of cultured trophozoite- and schizont-infected RBCs to uninfected RBCs (‘rosettes’)

take a conservative approach to management of
splenic trauma in the knowledge of the increased
mortality from malaria in individuals who have
undergone splenectomy. The spleen enlarges with
acute malaria, presumably as it functions to
remove parasitised erythrocytes (recognised
either because of their loss of deformability or
propensity to form clumps of sequestered cells)
from the peripheral circulation, and splenic
macrophages remove dead parasites.

Some individuals have an excessively abnormal
immune response to malaria and develop massive
splenomegaly and hypergammaglobulinaemia
[hyper-reactive malarial splenomegaly (HMS),
formerly known as tropical splenomegaly syn-
drome]. These individuals from genetically
predisposed populations have apparently normal
clinical immunity to malaria but suffer the effects
of hypersplenism (anaemia, leukopenia and
thrombocytopenia). Characteristic changes are
seen in liver histology. Splenectomy is contra-
indicated and the individuals usually have a
gratifying response to long-term administration
of antimalarial prophylaxis. The pathophysiol-
ogy of HMS involves an overproduction of
polyclonal IgM in response to repeated infections
with P. falciparum, P. malariae or P. vivax. This
appears to be due to a depletion of suppressor T
cells, leading to a lack of inhibition of B cell

activity and failure of maturation of the immune
response to IgG production (Piessens et al., 1985;
Bates et al., 1991). HMS and splenic lymphoma
with villous lymphocytes are clinically indistin-
guishable and appear to be aetiologically related
(Bates and Bedu-Addo, 1997).

PATHOLOGY OF CLINICAL SYNDROMES

It is likely that many factors influence the severity
of malaria. These include the genetic make-up of
the host and a complex interaction between
immune responses (including circulating cyto-
kines), metabolic disturbances, the vasculature,
inducible expression of adhesion ligands on
vascular endothelial cells and the variable ability
of different parasites to bind to them (Gardner et
al., 1996; Rogerson and Brown, 1997).

Cerebral Malaria

The main histopathological feature of cerebral
malaria is widespread sequestration of infected
erythrocytes in the cerebral microvasculature.
Capillaries and postcapillary venules are dilated
and congested and appear to be obstructed by
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parasitised erythrocytes. Minor endothelial cell
damage is apparent and there is evidence of
endothelial activation (Turner et al., 1994). Raised
intracranial pressure has been reported in some
children with cerebral malaria, but the contribu-
tion of elevated intracranial pressure to the
pathogenesis of cerebral malaria remains unclear
(Newton et al, 1991; White and Ho, 1992).
Macroscopically, the brain appears oedematous
and hyperaemic, with evidence of haemozoin
(‘malaria pigment’) deposition, and petechial or
punctate (or ‘ring’) haemorrhages are well docu-
mented at post mortem in non-immune children
dying from cerebral malaria (Newton et al., 1998).
There is a surprising lack of other findings, such as
major haemorrhage, vascular thrombi, ischaecmia
or inflammatory cell infiltrates.

Respiratory Distress

Respiratory distress in individuals with severe
malaria is well described and has been attributed
to pulmonary oedema or to the adult respiratory
distress syndrome, especially in adults. It may
also be due to coexistent pneumonia, sequestra-
tion of malaria parasites in the lungs, or a central
drive to respiration in association with cerebral
malaria. Recent studies in children have shown
that most cases of respiratory distress are
secondary to metabolic acidosis, and that this is
an indicator of poor prognosis. Acidosis was
shown to be associated with lactic acidaemia in
about 85% of cases in Kenya (Marsh et al.,
1996), and has also been reported as a feature in
Gambian children with severe malaria (Krishna
et al., 1994). Acidosis in conjunction with a
normal blood lactate may be due to exogenous
acids (such as salicylate) or to reduced clearance
of fixed acids in those with renal impairment.
Lactic acidosis is likely to be the end result of
reduced delivery of oxygen to the tissues and is
exacerbated by anaemia and hypovolaemia
(White and Ho, 1992; Newton et al., 1998).

Anaemia

Infection with P. falciparum causes changes in
the erythrocyte membrane, partly due to altera-
tion of host membrane, such as aggregation of

band 3 to produce ‘senescence antigen’ and
partly due to insertion of parasite proteins.
Electron-dense deposits (or ‘knobs’, that include
the knob-associated histidine-rich  protein,
KAHRP) are associated with alterations in the
erythrocyte membrane, which make red cells less
deformable and presumably more susceptible to
clearance. Exposure of novel immunoreactive
antigens may lead to haemolytic anaemia and
accelerated splenic clearance but this does not
appear to be the major cause of anaemia in
chronic malaria. Cytokine-mediated suppression
of haematopoiesis is likely to be a cause of
dyserythropoiesis and explains why anaemia in
malaria is often disproportionately high com-
pared with the level of parasitaemia. This is
supported by a recent study, in which levels of
IL-10 (a regulator of TNF) were significantly
lower in patients with severe anaemia than in
other groups (Kurtzhals et al., 1998). Other
causes of anaemia, such as deficiency of iron or
other haematins and haemoglobinopathies, are
also common in malaria-endemic areas and may
contribute to malaria-associated anaemia.

Thrombocytopenia and Coagulation

Moderate thrombocytopenia is a common finding
at presentation with all human malaria infections.
It is unclear whether thrombocytopenia is caused
mainly by decreased platelet survival, enhanced
aggregation and sequestration from adherence to
activated cells in the spleen and elsewhere, or
antibody-mediated clearance (Weatherall and
Abdalla, 1982; White and Ho, 1992). It is rarely
associated with bleeding but may provide a clue to
the diagnosis of malaria. Disseminated intra-
vascular coagulation occurs in about 5% of
patients with severe malaria (White, 1998).
Microvascular thrombus formation can be seen
in severe malaria, but is uncommon (White and
Ho, 1992).

Renal Failure

P. falciparum is the only species which causes
acute renal failure (although P. malariae can
cause a chronic nephropathy leading to nephrotic
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syndrome and chronic renal failure). Sequestra-
tion of parasitised erythrocytes is evident in
glomerular and interstitial vessels. There is also
evidence of reduced renal blood flow and oxygen
delivery in P. falciparum malaria (Day et al.,
1997). It is unclear whether this is a result of
sequestration of parasitised erythrocytes in the
kidney or a local or systemic effect of circulating
vasoactive compounds. Malaria-associated ARF
has features of acute tubular necrosis (ATN),
seen in bacterial sepsis. Histologically there are
changes in the tubules consistent with ATN, and
haemoglobin tubular casts and tubular atrophy
have been demonstrated in cases of blackwater
fever (Sitprija et al., 1967; Day et al., 1997).
Glomerulonephritis is rare.

The descriptive term ‘blackwater fever’ refers to a
clinical setting in which the patient passes very dark
urine as a result of excessive intravascular haemo-
lysis, and is not necessarily associated with renal
failure. It can occur with severe malaria alone but
may be associated with administration of quinine
or oxidant drugs in individuals with glucose-6-
phosphate dehydrogenase (G-6-PD) deficiency.

Hypoglycaemia

Hypoglycaemia (blood glucose concentration
<2.2mmol/l or 40 mg/dl) is generally associated
with quinine infusion in adults and is most often
attributed to quinine-induced hyperinsulinaemia,
although other mechanisms, such as the effect of
circulating cytokines, are likely to be involved. In
children, pretreatment of hypoglycaemia is
important. It is present in 10-20% of African
children on presentation with cerebral malaria
and is associated with a poor prognosis (Newton
et al., 1998). High parasitaecmias contribute to
hypoglycaemia and probably also to lactic
acidosis. Parasites consume glucose at a rate of
70 times that of erythrocytes to generate energy
from anaerobic glycolysis of glucose to lactic
acid. Sick patients are also likely to have high
levels of circulating cytokines, which also con-
tribute to the abnormal metabolic state (White et
al., 1983; Krishna et al., 1994).

Pregnancy

In areas of intense malaria transmission, women
have clinical immunity to malaria that develops

during childhood. This immunity is challenged
when marked proliferation of P. falciparum occurs
in the placenta during the first pregnancy. In spite
of marked sequestration of infected erythrocytes
in placental capillaries, pregnant women are often
asymptomatic, although infection is linked with
maternal anaemia and low birth weight, especially
in the first pregnancy (McGregor, 1984; Green-
wood et al., 1989). This contrasts to areas of
unstable transmission, where symptomatic disease
is common and pregnant women are at risk of
severe falciparum malaria (White and Ho, 1992).
Pregnant women with severe malaria are at higher
risk of developing pulmonary oedema and hypo-
glycaemia (especially quinine-stimulated hyperin-
sulinaemic hypoglycaemia) and have an increased
mortality rate (Looareesuwan et al., 1985). Severe
malaria is also associated with premature labour
and spontaneous abortion, low birth weight and
increased infant mortality (White and Ho, 1992).

Heart and liver

Sequestration of erythrocytes also occurs in the
heart, but myocardial dysfunctions, including
arrhythmias, are uncommon in severe falciparum
malaria. Jaundice and abnormal liver function
tests are often present but hepatic failure is rare.
Histologically, hepatocytes appear swollen and
contain haemosiderin, there is hyperplasia of
Kuppfer and mononuclear cells, and sinusoidal
dilatation is observed.

IMMUNOLOGY

The control of acute malaria infection depends
on the development of both specific humoral and
cell-mediated responses as well as non-specific
host defence mechanisms. Immunity is acquired
through repeated infections in childhood,
although certain genetic determinants are
known to confer protection against malaria
from birth.

Specific (‘Acquired’) Immunity

The complexity of the human immune response
to infection with Plasmodium reflects the multiple
stages of the parasite life cycle and the great
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variety of antigens presented to the host. Many
of these antigens stimulate immune responses
that show some correlation with protection in
epidemiological surveys, but the number of
antigens and the extent of antigenic diversity
has made it difficult to determine the antigens
which are the target of protective immunity
against blood stages. Immunity to malaria is
slow to acquire (following many infections and
many years), is incomplete, and wanes rapidly.
Sterile immunity rarely occurs and continual or
repeated infection is required for maintenance of
immunity. Clinical immunity in the presence of
ongoing infection (concomitant immunity) is a
common feature of chronic parasitism.

Many parasite-specific immune responses cor-
relate with age-dependent acquisition of immu-
nity in an endemic area, but none has been shown
to provide a marker for individual immunity and
none is of value in clinical management.

The critical role that antibodies may play in
protection was shown with the demonstration
that immunoglobulin preparations from immune
adults could be used to treat parasitaemia in
children in West Africa (Cohen and McGregor,
1961). Antibodies directed to antigens on the
surface of infected cells provided the best
prediction for protection against subsequent
clinical episodes in children (Marsh et al.,
1996). The important role of antibodies directed
against surface antigens as a determinant of
clinical immunity gained further support from
longitudinal studies of populations in East Africa
(Bull et al., 1999).

Many different parasite-specific  cellular
immune responses have been described in clini-
cally immune individuals in endemic areas but
none has been shown to correlate with protection.
Various effector immune mechanisms have been
described in rodent systems that are of uncertain
relevance to P. falciparum in its natural human
host. Interestingly, the AIDS epidemic does not
seem to have led to profound increases in the
number of individuals dying from severe malaria.

Non-specific Immunity and ‘Innate’
Resistance

Individuals vary in their susceptibility to con-
sequences of malaria infection. A proportion of

individuals in an endemic area die from disease,
but the majority develop clinical immunity that
protects them throughout life in the presence
of continued exposure. Children may survive
several episodes of clinical or asymptomatic
infection before succumbing to P. falciparum
malaria. In model systems, ‘non-specific’ immu-
nity can be induced with immune stimulants such
as Corynebacterium parvum or BCG, suggesting
that macrophage activation may contribute to
acquired resistance.

Several factors may contribute to ‘innate
resistance’ to malaria, including red blood cell
defects such as polymorphisms of haemoglobin,
enzymes or membrane proteins. Children who
are carriers of haemoglobin S have 90% protec-
tion against severe malaria (Hill ez al., 1991).
Sequestration of parasitised erythrocytes appar-
ently increases the sickling of parasitised HbAS
cells, because cells are trapped in the peripheral
microvasculature where the oxygen tension is
lower. This leads to inhibition of parasite growth
and protection against severe complications,
including cerebral malaria. Certain forms of
G-6-PD deficiency are associated with approxi-
mately 50% reduction in risk of severe malaria
(Ruwende et al., 1995). Melanesian ovalocytosis,
arising from polymorphism of red cell membrane
protein band 3, also provides substantial reduc-
tion in risk of cerebral malaria (Genton et al.,
1995), and Africans whose erythrocytes lack the
Duffy blood group antigen on their erythrocytes
are resistant to invasion by P. vivax.

Other genetic determinants of the host immune
response are also central to the outcome of
infection. For example, certain MHC class I and
class II alleles were associated with protection
against cerebral malaria and anaemia in West
Africa (Hill ef al., 1991). It is also likely that
many other genetic determinants, unrelated to
immune responsiveness, provide protection from
lethal malaria.

Clinical Immunity in Individuals Living in
Endemic Areas

Infants of immune mothers living in an endemic
area have a low incidence of malaria, presumably
as a result of passively acquired immunity. Young
children have frequent episodes of parasitaemia
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(infection) and also develop clinical disease but
show marked variation in their ability to tolerate
high parasite loads. The development of ‘toler-
ance’ to circulating parasites and their products
is one of the first signs of clinical immunity.
Manifestations of disease in children living in
endemic areas are variable, with major morbidity
and mortality towards the end of the first year of
life in areas of greatest intensity (usually from
severe anaemia). This compares with the major
impact on slightly older children (2-3 years),
especially of cerebral malaria, in areas of less
intense transmission. Clinical attacks decrease in
frequency until adult life, when disease is
uncommon. Immunity is slow to develop and
short-lived, so that semi-immune individuals very
rapidly lose immunity if they leave an endemic
area. Repeated infection appears to be necessary
for maintenance of clinical immunity and sterile
immunity is rarely, if ever, achieved. Cumulative
prevalence of infection in individuals in an
endemic area is close to 100%. Elimination of
parasitaemia through drugs or lack of exposure
leads to rapid reduction in immunity and
susceptibility at next exposure. Older children
have clinical immunity that lasts throughout
adult life (with the exception of pregnancy), so
long as there are regular episodes of reinfection.
It is important to note, however, that very severe
consequences of malaria, including mortality,
may occur in individuals who have survived
many previous episodes without deleterious
consequences. There is no test for immunity to
infection and even the most resistant individual
must be considered to be only semi-immune.

Mechanisms of Immune Evasion—Antigenic
Diversity and Antigenic Variation

Malaria parasites demonstrate extraordinary
diversity of many antigens located on the
merozoite and infected red cell surface. This has
been studied extensively in P. falciparum and P.
vivax but little information exists for the other
human malarias.

In addition to the diversity, individual clonal
parasite populations of P. falciparum are able to
alter the antigens expressed on the surface of
infected red cells (a process known as antigenic

variation). Each parasite appears to contain 50—
150 var genes encoding these surface antigens
(Smith et al., 1995; Su et al, 1995), thus
providing an effective mechanism for evading
the host immune response while continuing to
live within the host (additionally, as referred to
above, variant antigens are able to bind to
different vascular endothelial receptors, thereby
inducing different pathological consequences).

MOLECULAR BIOLOGY

Plasmodia are haploid organisms whose genome
has been studied most extensively in P. falci-
parum. There are 14 chromosomes that vary in
size amongst different isolates from 0.6 to 3.4 Mb,
with total size approximately 30 Mb (Triglia et al.,
1992). Fertilisation in the mosquito gut produces
the zygote (a diploid stage), which differentiates
into oocysts containing the meiotic products of a
single zygote and, finally, haploid sporozoites.
Infected individuals frequently carry more than
one infection, thus cross-mating, and production
of new genotypes is common (Babiker et al., 1994).

Two extra chromosomal elements of 6kb
(linear) and 35kb (circular) are also present, the
latter demonstrating similarity with genes of
chloroplasts, suggesting a plant origin.

The genome of P. falciparum is the subject of
intense scrutiny and the entire sequence is
expected to be known by the year 2001. Malaria
DNA is AT-rich, with average GC content of
18%, and is noted for its instability during
attempts at cloning. Recent advances in obtain-
ing stable transfection (Crabb and Cowman,
1996) have provided impetus to attempts to
understand gene regulation and developmental
control of gene expression in malaria.

An unusual feature of the genome of P.

falciparum is the presence of distinctive categories

of repeat sequences that account for about 10%
of the DNA in P. falciparum (Coppel and Black,
1998). Blocks of repeats may provide mechan-
isms for diverting effective immune responses but
they are also apparent in enzymes that are likely
to be expressed internally. Multigene families
include var genes (coding for surface adherence
molecules, as described above) and others, such
as stevor and rifl, whose functions are currently
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unknown but may also be expressed at the red
cell surface.

Genetic Diversity

Monoclonal antibody typing and, more recently,
analysis of PCR products of variant genes have
demonstrated tremendous allelic diversity of
many different genes encoding parasite antigens,
such that essentially every infection is caused by a
different parasite (Walliker et al., 1998).

Detection of stage-specific ribosomal RNA in
Plasmodium allows speciation and assessment of
proportions of different subgroups of parasites in
a sample (Rogers et al, 1998). The 35kb
extrachromosomal DNA (whose genome is
related to the plastid genome of green algae;
Kohler et al., 1997) encodes ribosomal RNAs
that may provide parasite-specific targets for new
antimalarial drugs (Waller et al., 1998).

Much effort has gone into defining the relation-
ship between differing clinical manifestations of P.
falciparum infection and parasite phenotype (and
genotype). The only significant associations iden-
tified so far have been with the rosetting
phenotype and cerebral malaria (in some but not
all studies) and anaemia, and malaria morbidity
and levels of TNF (Grau et al., 1989; Kwiat-
kowski et al., 1990, 1993). It is likely that the latter
association is predominantly due to host genetic
differences (McGuire et al., 1994, 1999; Burgner et
al., 1998). No definite association has been shown
between clinical malaria and the cytoadherence
phenotype, although the predilection for strains of
P. falciparum expressing different variants of
PfEMPI1 for different host cytoadherence recep-
tors and the association between placental malaria
and adhesion to chondroitin sulphate A is highly
suggestive (Biggs et al., 1992; Rogerson et al.,
1995; Rogerson and Brown, 1997; Fried and
Dufty, 1998).

EPIDEMIOLOGY

Distribution

The prevalence of malaria has increased at an
alarming rate during the last decade. There are
now an estimated 300-500 million cases

annually, which occur in some 101 countries
and territories, of which almost half are situated
in Africa south of the Sahara (Figure 3.6, see
Plate V) (World Health Organization, 1998b).
Recent epidemics have caused a high number of
deaths, many in areas previously free of the
disease (Nchinda, 1998). It is estimated that 3000
children under the age of 5 years die from
malaria every day (World Health Organization,
1998b). Frequent international air travel has also
resulted in increasing numbers of imported cases
and deaths in returned travellers and visitors to
developed countries previously declared free of
the disease.

A number of factors appear to have contrib-
uted to the resurgence of malaria (Nchinda,
1998). These include breakdown of control
programmes, rapid spread of resistance of
malaria parasites to chloroquine and other
quinolines, and the migration of non-immune
populations (for the purposes of agriculture,
commerce or trade) from areas that are free
from malaria to areas where transmission is high.
In addition, armed conflicts have caused dis-
placement of large populations of refugees to
areas where living conditions are difficult and the
risk of malaria is often high. Changing rainfall
patterns and land use, leading to new mosquito
breeding sites, and changes in vector behaviour
have further compounded the problem. In gen-
eral, governments have responded slowly to the
changing malaria situation because of adverse
socioeconomic conditions and limited resources
for health.

Malaria occurs most commonly in the tropics
as high humidity and ambient temperatures of
20-30°C provide optimal conditions for mos-
quito vectors and for the development and
transmission of malaria parasites. In contrast,
malaria transmission does not occur at tempera-
tures below 16°C or at altitudes greater than
2000m because there is little development of
malaria parasites in mosquitoes under these
conditions.

Ninety per cent of malaria cases occur in sub-
Saharan Africa. P. falciparum is the predominant
species in Africa and is responsible for the deaths
of one in 20 rural African children before they
reach the age of 5 (Murphy and Oldfield, 1996).
Some 74% of the population in the African
region live in areas where malaria transmission is
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intense and perennial (World Health Organiza-
tion, 1996) P. falciparum is also the predominant
species in Papua New Guinea and Haiti. P. vivax
predominates in North Africa, the Middle East,
and Central and South America. In the Indian
subcontinent, some 40% of cases are due to P.
falciparum. Urban malaria remains a problem in
India, occurring in a number of major cities,
including Bombay, Delhi, Calcutta and Madras
(World Health Organization, 1996). In other
areas, the prevalence of the two species is about
equal. P. vivax is rare in sub-Saharan Africa. P.
ovale is confined mainly to West Africa, and P.
malariae, although found in many areas, is most
common in Africa.

The transmission and pattern of clinical
malaria may vary considerably, even within
small geographic areas, depending on the char-
acteristics of the anopheline mosquito vector and
the susceptibility and accessibility of human
hosts. In most situations, malaria transmission
appears to be directly related to vector density
(often maximum in the humid rainy season), the
number of times the mosquito bites man each
day, and the longevity of the mosquito. Different
species of anopheline mosquito vary in their
ability to transmit malaria, and of the nearly 400
known species only about 60 are considered
important vectors. (Bruce-Chwatt 1985; Zheng
and Kafatos, 1999) Anopheles gambiae complex
and A. funestus are important vectors in Africa,
A. culicifacies, A. dirus, A. sinensis, A. minimus in
Asia, A. farauti and A. maculatus in the Pacific
and A. albimanus in South America.

Anopheles mosquitoes can be recognised when
feeding as the proboscis, head and abdomen lie in
a straight line at an angle of about 45° to the
surface on which they rest. Each anopheline
species has its own behaviour pattern, which
influences its role in transmission. For example,

Table 3.2 Endemicity of malaria

A. gambiae complex are the most successful
malaria vectors because they are resilient, long-
lived and bite humans frequently. A. dirus
complex breed in trees near collections of water
and are an important cause of ‘forest fringe’
malaria in South East Asia.

Types of Malaria Transmission
Endemic

Malaria is said to be endemic when there is a
constant incidence of cases and transmission in
an area over a period of successive years (Bruce-
Chwatt, 1985). Endemicity may be defined in
terms of the spleen and parasite rates in children
aged 2-9 years (White, 1996a) (Table 3.2).
Hypoendemicity describes a situation where
there is little malaria transmission and the impact
on the population is minor; mesoendemicity
refers to varying intensity of transmission,
depending on the local situation; and hyperende-
micity refers to intense but seasonal transmission,
where immunity is insufficient to protect against
disease in all age groups. Holoendemicity refers
to year-round intense transmission, resulting in
high levels of immunity to malaria in all age
groups (especially adults) and maximal morbidity
in young children and in pregnancy. Individuals
living in holoendemic areas may receive up to
two infectious bites per day. Serological evalua-
tion, vector density, longevity and sporozoite
infection rates may also be used to assess malaria
activity in an endemic area.

Epidemic

Epidemic malaria indicates periodic increases in
the number of malaria cases in an endemic area, or

Child spleen rate (%)'

Adult spleen rate (%)’

Parasite prevalence (%)’

Hypoendemic <10
Mesoendemic 11-50
Hyperendemic 51-75
Holoendemic >175

<10

11-50

>25 51-75
Low >75

'The proportion of persons in a given community with enlarged spleens.

The proportion of persons in a given community with malaria parasites in their blood.

Adapted from White (1996a).
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a sharp increase in the incidence of malaria among
a population in which the disease was unknown.
Epidemics are often seasonal and mainly relate to
increased breeding activity and survival of the
Anopheles vector, or to increased susceptibility or
accessibility of the human population. Epidemic
malaria is associated with a high mortality (Bruce-
Chwatt, 1985). Epidemics have occurred in India,
Sri Lanka, South East Asia (including Vietnam),
Madagascar and Brazil.

Imported

Malaria is classified as imported when the
infection was acquired outside a given area.
Secondary cases, contracted locally from
imported cases, are known as introduced
malaria. Imported malaria has increased in
recent years as a result of increasing international
air travel and worsening antimalarial drug
resistance. An imported Anopheles mosquito
(which has usually been transported from an
endemic area to a non-endemic area by aero-
plane) sometimes transmits malaria. This is
known as airport malaria (Jenkin et al., 1997).

Accidental

Accidental transmission of malaria (usually as a
result of a blood transfusion, transplantation,
needle-sharing between intravenous drug addicts,
or laboratory mishaps; Burne, 1970; Freedman,
1987) may also occur rarely. Congenital infection
of the newborn from an infected mother is also
well documented (Ahmed er al., 1998) and
relatively common in some areas of Africa.

Patterns of Clinical Disease

The prevalence of disease, parasitaemia and
splenomegaly decline with age in areas with high
malaria endemicity as partial immunity is slowly
acquired following repeated infections (‘stable’
malaria). As intensity of transmission increases,
clinical malaria becomes concentrated in the
young (<10 years old) and severe malaria
(cerebral malaria or severe anaemia) in the very
young ( < 5 years old) (Molineaux, 1996). Babies in

endemic areas develop clinical symptoms infre-
quently, possibly because of the relative inability
of parasites to utilise haemoglobin F, and also
because of immunity developed in utero, including
passive transfer of maternal antibody (Pasvol et
al., 1977; McGregor, 1984). Infants suffer frequent
episodes of malaria before acquiring immunity
that provides protection against disease until the
onset of the first pregnancy. In the early years of
exposure, patterns of clinical disease vary, depend-
ing on level of exposure. In the first 2 years of life,
severe anaemia is the major killer in areas where
transmission is highest. Cerebral malaria predo-
minates at a slightly older age in areas where
exposure is slightly less (Snow ef al., 1994). Adults
almost never develop severe malaria in hyperen-
demic and holoendemic areas unless they leave the
malarious area and return years later when
immunity has waned. Indeed, most malaria in
adults in these areas is asymptomatic.
Symptomatic infections are more common and
may occur at any age in areas where transmission
of malaria is low or erratic (‘unstable’ malaria).
Severe malaria, which may manifest as cerebral
malaria, pulmonary oedema, jaundice and/or
acute renal failure (ARF), is also more common
in adults in areas of unstable malaria (Hien et al.,
1996). If malaria transmission rates in a hyper- or
holoendemic area fall, either as a result of
malaria control measures or reduced rainfall,
severe malaria is occasionally observed in adults
with waning immunity and epidemics may occur.
In non-malarious areas, malaria may be
imported in the blood of returning travellers,
visitors, immigrants, and military personnel.
There are approximately 7000-8000 cases of
imported malaria reported each year in Europe
(Behrens and Curtis, 1993; Bradley et al., 1994)
and 1000 in the USA (Centers for Disease
Control and Prevention, 1995). The country of
origin of imported malaria depends on the
common destinations of the travelling population
(e.g. Africa is a common destination for British
travellers, South East Asia for Australian travel-
lers) and partly determines whether P. falciparum
or P. vivax is the most likely aetiological agent.
The other important factor is the use and type of
antimalarial chemoprophylaxis. Those who do
take chemoprophylaxis regularly (often less than
50% of travellers), may use a chemoprophylactic
regimen which, although protective against
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P. vivax infection, provides inadequate protec-
tion against drug-resistant P. falciparum (Svenson
et al., 1995). Deaths due to imported malaria are
more common in the elderly and are usually the
result of delayed diagnosis or misdiagnosis
(Greenberg and Lobel, 1990). However, occa-
sionally fulminating disease develops and death
occurs despite prompt diagnosis and appropriate
treatment (Greenberg and Lobel, 1990).

Drug Resistance

Wherever antimalarial drugs have been widely
used, resistance has eventually followed. Resis-
tance to pyrimethamine and chloroquine are
widespread and resistance to sulphadoxine—
pyrimethamine described in Thailand and else-
where is also becoming more frequent in many
countries in Africa. Resistance to mefloquine and
quinine has been reported in Thailand and
Vietnam. The extent of drug-resistant malaria
globally is shown in Figure 3.6 on Plate V.

The susceptibility of P. falciparum isolates to
drugs can be assessed using a standardised WHO
in vitro test. Parasitised erythrocytes taken
directly from patients are cultured in the presence
of therapeutic levels of an antimalarial drug.
Maturation of ring trophozoites through to
schizonts demonstrates resistance of the isolate
to the drug. Testing is of value for epidemiological
surveys for making policy decisions, but is of
little value for individual patients.

The molecular basis of resistance to dihydro-
folate reductase inhibitors and sulfa compounds
involves mutations in target enzymes in the folate
pathway that decrease the affinity of binding of

Table 3.3 Clinical features of malaria

Symptoms (%) Signs (%)

Fever 99  Fever 80

Headache 74  Splenomegaly 34

Mpyalgia, arthralgia or 47 Hepatomegaly 25

backache

Nausea, vomiting 40 Orthostasis or 22

Diarrhoea 19 hypotension

Dyspnoea, chest pain 15 Jaundice 16
Neurological including 2

coma

Adapted from Stanley (1997) and Murphy and Oldfield (1996).

the drug. Controversy continues on the role of
genes involved in resistance to chloroquine,
quinine and related compounds. Chloroquine
resistance is due to the ability of the parasite to
decrease the accumulation of the drug in the cell.
The exact mechanism is still under investigation,
although at least two proteins, pfert and pfmdrl,
have been identified that affect the accumulation
of this drug (Cowman, 2001).

CLINICAL FEATURES

Any patient with fever or a history of fever or
chills and sweats who has travelled in a malaria
area in the last 6 months should be considered to
have malaria until proved otherwise.

More than 80% of non-immune patients with
malaria present with fever, rigors, malaise and
headaches. Afebrile patients almost invariably
give a history of chills and sweats. Fever is
usually irregular initially, when symptoms may
be non-specific and difficult to distinguish from
those caused by other infections, such as
influenza, dengue and typhoid fever. Vomiting
occurs in up to 34% and diarrhoea in approxi-
mately 16% of patients (Table 3.3). Classic
periodic fever (every second day in P. falciparum,
P. vivax and P. ovale and every third day in P.
malariae) is uncommon initially, although if
present is highly suggestive of malaria. Episodes
of fever occasionally have well-defined symptoms
of cold with shaking, hot, then sweating phases
(White, 1996a). Symptoms of malaria may be less
specific in semi-immune individuals, with low-
grade fever, headache, myalgia or malaise some-
times occurring as isolated symptoms (Murphy
and Oldfield, 1996; Stanley, 1997; Kain and
Keystone, 1998). It is noteworthy that periodic
fever is neither necessary nor sufficient for the
diagnosis of malaria.

Like the symptoms, the signs of malaria are
non-specific. Splenomegaly and splenic tender-
ness are the most common physical findings
(Table 3.3). Tachycardia, tachypnoea, icterus,
pallor, hepatic tenderness, hepatomegaly and
hypotension also occur. Rash is not a feature of
malaria (Murphy and Oldfield, 1996; Stanley,
1997; Kain and Keystone, 1998).
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P. falciparum

Most non-immune individuals present with
falciparum malaria within 2 months of departure
from a malaria-endemic area, but in semi-
immune individuals and those taking malaria
prophylaxis, symptomatic malaria may not
develop for many months. The minimum time
to developing symptoms after entering a malaria-
endemic area is 7-8 days. Patients usually present
with fever and headache but may have a variety
of other symptoms, including cough, myalgia,
arthralgia, abdominal pain, nausea, vomiting,
diarrhoea, photophobia and altered conscious
state. The fever may occur every 48 hours or
continuously with intermittent peaks. The
clinical presentation can vary substantially,
depending on the level of parasitaemia and the
immune status of the patient. Atypical presenta-
tions, leading to misdiagnosis as gastroenteritis,
hepatitis or urinary infection are common.
Asymptomatic parasitaemia is a frequent finding
in semi-immune adults, hence the detection of
parasites in peripheral blood should not abort
the search for alternative causes of fever in such
an individual.

P. falciparum infection may produce severe
malaria with serious complications that may be
ultimately fatal (Table 3.4). Severe malaria often
develops very rapidly with specific complications,

Table 3.4 Severe malaria

Severe malaria is defined as P. falciparum infection with one
or more of the following features:

Repeated generalised convulsions

Unrousable coma

Hypoglycaemia: glc <2.2mmol/l

Acute respiratory distress syndrome or pulmonary
oedema

Renal impairment: creatinine >0.265 pm/1
Haemogloblinuria

Anaemia: haemogloblin <50 g/l

Spontaneous bleeding

Acidosis: pH <7.25

The following features may be indicative of severe malaria in
selected patients:

e Jaundice

e Temperature >40°C

e Parasitaemia > 5% and/or trophozoites/schizonts present
in the peripheral blood

From World Health Organization (1990).

including cerebral malaria, severe anaemia,
pulmonary oedema, blackwater fever or acute
renal failure. Cerebral malaria is usually pre-
ceded by a history of fever for several days but
the prodromal features may be much shorter.
Manifestations include convulsions, hypertoni-
city, opisthotonos, gaze palsies, delerium,
psychosis and coma that sometimes develops
rapidly after a fit. These features may also be
caused by hypoglycaemia. Patients developing
renal failure tend to be oliguric or anuric and
often have other organ dysfunction, including
coma, jaundice and lactic acidosis (Day et al.,
1997). Blackwater fever (massive intravascular
haemolysis and haemoglobinuria) is also a cause
of acute renal failure. Any parasitaemia over 2%
carries an increased risk of death, and para-
sitaemias over 10% indicate a potentially
dangerous infection irrespective of other features
(White, 1996a; Stanley, 1997).

The clinical features of severe malaria depend
on age and the immune status of the host (White,
1996a). In hyperendemic areas, major manifesta-
tions occur in young children (severe anaemia
and cerebral malaria) and during pregnancy.
Acute renal failure, jaundice and pulmonary
oedema are more common in non-immune adults
and hypoglycaemia, convulsions, shock and
acidosis may occur at any age.

P. vivax, P. ovale and P. malariae

The symptoms and signs are usually indistin-
guishable from those of P. falciparum but
patients do not progress to severe disease. The
incubation period is usually longer than a month
for P. malariae infections, and a temperate strain
of P. vivax may have an incubation period of 9—
12 months (White, 1996a; Kain and Keystone,
1998). Fever is more likely to become periodic,
occurring every 48 hours with P. vivax and
P. ovale and every 72 hours for P. malariae.
Serious complications (apart from an increased
risk of ruptured spleen) are not usually a feature
of malaria caused by these species and sequestra-
tion of parasitised erythrocytes does not occur.
Relapsing P. vivax and P. ovale infections due to
persisting liver hypnozoites may present 2-5
years after exposure but usually occur in the first
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6 months. A relapse is defined as recurrent
parasitaemia due to the same species, occurring
1 or more months after the primary infection, in
a setting where there is no risk of reinfection.
Recurrent P. malariae infection may be seen for
up to 3040 years after leaving an endemic area. P.
malariae has been associated with the nephrotic
syndrome (Abdurrahman, 1984; Abdurrahman
et al., 1990).

Malaria in Pregnant Women and Children

P. falciparum infection is commonly associated
with anaemia and a reduction in birth weight of
babies born to primigravidae, even in those who
have developed clinical immunity after lifelong
exposure to malaria. In non-immune individuals,
or in those in whom immunity has waned
(including in areas of unstable endemicity),
maternal infection may be symptomatic and
severe (Looarecesuwan et al., 1985). Indeed,
severe disease was the rule in P. falciparum
malaria in a controlled study in India (81% in
pregnancy vs. 40% in controls) (Sholapurkar et
al., 1988). Severe malaria may lead to fetal loss
as well as maternal mortality (McGregor, 1984;
Sholapurkar et al., 1988). The clinical manifesta-
tions of P. falciparum malaria are similar to those
in non-pregnant women, except that hypoglycae-
mia and adult respiratory distress syndrome are
more common. The effects of P. vivax malaria on
pregnancy are poorly defined.

Most children with malaria infections present
with fever and malaise and respond rapidly to
treatment. Clinical diagnosis may be challenging
in areas where the prevalence of malaria is high,
and co-infections are common. High parasitaemia
usually incriminates malaria as the cause of
illness, but some individuals may be completely
asymptomatic with similar levels of infection. On
the other hand, individuals can be critically ill
with cerebral malaria caused by sequestered
parasites, when P. falciparum is difficult to detect
in the peripheral blood. For a non-immune child,
detection of parasites in the peripheral blood
confirms the diagnosis. Severe malaria is common
in young children living in endemic areas (Marsh
et al., 1995). Cerebral malaria, hypoglycaemia,
lactic acidosis and severe anaemia are particular

problems. Seizures are common, even in uncom-
plicated malaria, and require prompt treatment.
Jaundice and pulmonary oedema are unusual in
children and renal failure is rare.

Malaria in Splenectomised Patients

Patients who are functionally asplenic or have a
history of splenectomy may develop fulminant
infection and have a poor response to therapy
(Looareesuwan et al., 1993), presumably because
the spleen is the usual site of removal of
sequestered parasites.

LABORATORY DIAGNOSIS

The diagnosis of malaria should be suspected in
patients presenting with a febrile illness (or
history of malaria) in a malaria-endemic area,
and elsewhere in febrile individuals who have
travelled in an endemic area (particularly during
the last 12 months). Laboratory test abnormal-
ities that may heighten the clinical suspicion of
malaria include thrombocytopenia associated
with a normal white cell count (Svenson et al.,
1995), malaria pigment in macrophages and
other white blood cells (White and Ho, 1992),
abnormal liver function tests and an elevated
lactate dehydrogenase, or haemoglobinuria.
Anaemia is uncommon in non-immune adults
who present early but is a common finding in
children living in endemic areas. Importantly, the
cerebrospinal fluid is normal in cerebral malaria.

Malaria should be notified to the relevant
health authorities and blood slides sent to a
reference laboratory for confirmation.

Microscopy

The diagnosis of malaria is usually made by the
examination of Giemsa-stained thick and thin
blood smears for intraerythrocytic ring stage
parasites using an oil immersion lens (magnifi-
cation x 1000) (Figure 3.2A,B). Thick films made
from a drop of blood dried on a microscope slide,
then stained with water-based Giemsa stain allow
concentration of parasites (with lysis of the red
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Fig. 3.7 Mature parasite form in a patient with severe P. falciparum malaria

cells). They are 20—40 times more sensitive than
thin films in samples with low parasitaemia
(depending on the expertise of the personnel
staining and examining the films). Reasonable
sensitivity can be achieved if fields containing
500-1000 leukocytes are examined for parasites
or half an hour of examination is completed
before deciding that parasites are undetectable.
Thin smears are fixed with anhydrous methanol
to preserve parasite and erythrocyte morphology,
and are used to differentiate parasite species as
well as to quantify the percentage of infected
erythrocytes (Figure 3.3). The yield from blood
films may be highest at or near the peak of fever
but blood should be collected when the diagnosis
is first considered rather than waiting for the next
febrile episode, since patients may be afebrile at
presentation. A direct smear from intradermal
blood is sensitive in skilled hands but if anti-
coagulants are used, smears should be prepared
within 3 hours, as parasite and red cell morphol-
ogy may deteriorate with prolonged exposure to
the anticoagulant (Ree and Sargeaunt, 1976).
The method of estimation of parasitaemia is
shown in Table 3.5. An accurate assessment of
parasitaemia is an important prognostic indica-
tor in P. falciparum infections and is required to
monitor response to therapy. Immature and

mature asexual stages and sexual stages (gam-
etocytes) are observed in the peripheral blood in
P. vivax, P. ovale and P. malariae infections. In
P. falciparum infections, immature asexual para-
sites are the usual finding (Figure 3.2). The
presence of late trophozoites or schizonts in the
peripheral blood is a predictor of mortality, with
more than 10000 mature trophozoites or schi-
zonts/pl having a sensitivity of 90% and a
specificity of 72% for mortality (Silamut and
White, 1993; Warhurst and Williams, 1996)
(Figure 3.7). Occasionally malaria parasites are
detected in a bone marrow smear or, at autopsy,
in a brain smear.

Identification of malaria parasites in blood
smears may be difficult, and depends on the
experience of the microscopist and the parasitae-
mia in the peripheral blood at the time of blood
collection. With synchronous replication, there
may be very few or even no parasites present,
despite severe complications from sequestered
parasites. Semi-immunity, chemoprophylaxis
with antimalarial drugs, and treatment with
some antibiotics (tetracycline, azithromycin,
clindamycin, trimethoprim—sulphamethoxazole,
erythromycin and fluoroquinolones) may also
have an effect on parasitaemia. Therefore, if
malaria is suspected, thick and thin smears
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Table 3.5 Estimation of parasitaemia in thick and thin blood
films

Thick films' Count the number of parasites per 200 leucocytes
(WBC)*?

Parasite count x WBC count*
200

Parasite count
1250

Parasites/ul blood =
Approximate % parasitaemia =

Thin films' Count the number of parasitised erythrocytes per
1000 erythrocytes (510 high-power fields). If parasitaemia
is low, it may be necessary to examine more than 10 fields

No. of parasitised erythrocytes
Total number of erythrocytes

% Parasitaemia = x 100

'Smears should be stained with freshly prepared 3% Giemsa solution
(buffered to pH 7.2) for 30 minutes.

The lower limit of detection by an experienced microscopist is about
10-20 parasites/pul blood.

3A negative slide should not be reported until at least 200 fields of a
thick film have been examined.

“If the WBC count is unknown, a WBC count of 8000/ul of blood is
used.

From Bruce-Chwatt (1985) and Warhurst and Williams (1996).

should be repeated every 6—12 hours for 48 hours
before the diagnosis can be excluded. In some
cases, the clinician may need to commence
treatment of malaria on suspicion of the diag-
nosis (especially in a severely ill or comatose
patient), even in the presence of a negative blood
slide, while awaiting confirmation of the first and
subsequent slides from a reference laboratory.

Malaria is often diagnosed clinically without
blood smears in endemic areas where primary
health care facilities are limited. In these areas,
the predictive value of positive blood smears is
limited and has little influence on the decision to
treat non-severe disease. It is worth noting that a
negative blood smear has a reasonable negative
predictive value in highly endemic areas, espe-
cially in adults. If patients require empirical
treatment for malaria, especially in non-endemic
areas, it is important that other serious illnesses
are not overlooked.

Other Tests

Alternative microscopy techniques for the identi-
fication of malaria parasites are based on

fluorochromes such as Acridine Orange. Staining
with fluorochromes is rapid (<1 minute) and
slides can be rapidly screened at low magnifica-
tion (x400), even with low parasitaemia.
Acridine dye-stained buffy coat examination
(the ‘QBC’ technique) has been shown to increase
the sensitivity of microscopy, but cost and
technical concerns have limited its use (Levine
et al., 1989; Wongsrichanali et al., 1991; War-
hurst and Williams, 1996).

Rapid diagnostic antigen tests using mono-
clonal antibodies to the P. falciparum histidine-
rich protein-2 have been shown to be highly
sensitive and reliable (Shiff ez al., 1993; Beadle et
al., 1994; Garcia et al., 1996; Humar et al., 1997).
These tests employ an impregnated strip that
gives a colour change when blood containing
parasites is added. These tests could be used at
the primary health care level in malaria-endemic
areas, where microscopy is often unavailable,
but, as explained above, may have little influence
on the decision to treat and are currently too
expensive for most health budgets (although a
test costing as little as 0.25 USS is now available).
They could also be invaluable as a screening test
in laboratories in non-endemic areas, where low
throughput means that personnel often have little
experience in the microcopic diagnosis of
malaria. They may also assist travellers in the
decision to take presumptive self-treatment when
in remote areas where medical care is not
available. New antigen tests, which differentiate
between P. falciparum and other species, are
currently being field-tested (Figure 3.8).

Gene amplification methods for the detection
of malaria parasites have also been developed
(McLaughlin et al., 1993). PCR techniques could
have application with low parasitaemia, possible
mixed infections or uncertain parasite speciation,
as well as for reference studies and microepide-
miology (Barker ez al., 1992; Snounou et al.,
1993; Oliveira et al., 1995) or as research tools for
detection of low parasitacmia in sophisticated
laboratories (Chen et al., 1998).

IFA, THA and ELISA assays using cultured P.

falciparum-infected erythrocytes as antigen are

well-characterised for antibody detection (Lobel
et al., 1973; Spencer et al., 1979; Schapira et al.,
1984; Srivastava et al., 1991) but are inappropri-
ate for use in the diagnosis of acute malaria, as
they reflect exposure rather than acute infection
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Fig. 3.8 Positive immunochromatographic test for mixed
P. vivax and P. falciparum malaria

or clinical immunity. However, in non-endemic
areas, serology may be useful for retrospective
diagnosis in patients thought to have had malaria
and who received therapy. They are untried for
excluding malaria in patients with chronic or
recurrent febrile illness, and are too insensitive
for transfusion blood screening. In areas where
malaria is endemic, serological techniques are
useful for epidemiological purposes and for the
assessment of infection in mosquitoes.

In vitro tests for sensitivity to antimalarial
drugs are valuable tools for establishing preva-
lence and likely degree of clinically relevant drug
resistance, but do not help individual patients.
Similarly, examination of PCR products for
mutations known to be associated with resistance
to sulfa drugs or pyrimethamine is of use in
research and epidemiological studies.

CLINICAL MANAGEMENT

The successful management of malaria depends
on making an urgent diagnosis, an accurate

clinical assessment, and instituting appropriate
antimalarial therapy as soon as possible. Treat-
ment depends not only on the species of malaria
but also on the severity of illness, the likely
susceptibility to antimalarial drugs, and the age
and background immunity of the patient.

The clinical examination should focus on
temperature, pulse rate, respiratory rate, blood
pressure, hydration, pallor, jaundice, splenome-
galy, hepatomegaly, neck stiffness, other CNS
signs, urinalysis and weight. A lumbar puncture
should be performed to exclude bacterial
meningitis in patients with suggestive CNS
symptoms or signs. Future studies may resolve
the issue of whether possible raised intracranial
pressure, which is known to be associated with
cerebral malaria in some patients, is a contra-
indication to lumbar puncture on presentation
(Newton et al., 1991). If this were the case, it is
likely that appropriate therapy for both bacter-
ial meningitis and cerebral malaria would need
to be instituted and continued until lumbar
puncture was considered to be safe and results
were available. The CSF should be normal in
cerebral malaria.

P. vivax, P. ovale and P. malariae very rarely
produce fatal disease (except as a predisposing
factor for a ruptured spleen) but P. falciparum
infection may progress rapidly to multi-organ
failure and death.

It is important to weigh children so that
accurate mg/kg doses of antimalarial drugs can
be administered.

Uncomplicated Malaria

In patients without evidence of severe malaria
(Table 3.4), oral medication is usually sufficient
to cure the infection.

Chemotherapy for Acute Malaria Due to
P. vivax, P.ovale or P. malariae

Vivax malaria remains generally sensitive to
chloroquine and responds rapidly (Table 3.6).
Chloroquine-resistant P. vivax infection has been
reported in Papua New Guinea, Irian Jaya,
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Table 3.6 Chemotherapy for uncomplicated malaria
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P. vivax, P.ovale or P. malariae
Chloroquine phosphate (tablets each contain 150 mg base)

Followed by primaquine if not returning to endemic area
(see Table 3.7)

P. falciparum
Oral quinine sulphate

Concurrently with:
Doxycycline
OR
Fansidar®

If P. falciparum is likely to be chloroquine-sensitive:
Choroquine

Alternative regimen in selected patients:

Mefloquine

Atovaquone-proguanil (Malarone®

600 mg base at 0 hours, 300 mg base at 6, 24 and 48 hours.

OR

600 mg base at 0 hours, 600 mg base at 24 hours and 300 mg base at
48 hours

Children: 10 mg base/kg (max. 600 mg of base) at 0 hours, Smg/kg
at 6 hours, 24 hours and 48 hours

Adults: 600 mg salt (10 mg/kg), every eight hours for 3-7 days
Children: 10 mg salt/kg, every eight hours (max. 600 mg) for 5 days

100 mg b.d. for 7 days

Fansidar® (20 mg/kg sulphadoxine and 1 mg/kg pyrimethamine—
usually 3 tablets; 1 tablet =500 mg sulphadoxine and 25mg
pyrimethamine) as a single dose on the last day of quinine
treatment

Tetracycline (4 mg/kg four times daily) or clindamycin (10 mg/kg
twice daily for 3—7 days) are alternatives to doxycycline (White,
1996b)

Oral chloroquine as for P. vivax malaria (see above)

Partial immunity to malaria: one dose of 15mg base/kg (adult
dose=3 tablets. In USA, 1 tablet=228 mg base; elsewhere 1
tablet =250 mg base)

Non-immune patients or in areas where there is mefloquine
resistance: a second dose of 10 mg base/kg (2 tablets) given
8-24 hours later

4 Tablets (250 mg/100 mg) as a single daily dose with food or milk
for 3 days

As formulations and preparations (e.g. base/salt/compound) of antimalarial drugs vary from centre to centre, it is CRITICAL TO CHECK DOSES

with local pharmacists, particularly for drugs used parenterally.

Sumatra, the Solomon Islands, Myanmar, India
and Guyana (Rieckmann et al., 1989; Murphy et
al., 1993; Phillips et al., 1996; Whitby, 1997) and
appears to be spreading. Patients with vivax
malaria from these areas may be treated initially
with a standard course of chloroquine and then
followed up for recrudescences. Chloroquine
resistance (i.e. a recurrence of infection within
28 days of treatment) should be treated with
Malarone®, oral quinine or mefloquine, as for P.
falciparum malaria, followed by eradication
therapy with primaquine (see below). As rates
of resistance increase, chloroquine may even-
tually be replaced as the first-line therapy.
Chloroquine resistance has not been recorded
for P. ovale or P. malariae.

Radical Cure for P. vivax and P. ovale
Infections

P. vivax and P. ovale infections may not be
eradicated by standard therapy because the long-
lasting liver forms of the parasite (hypnozoites)
are relatively resistant to chloroquine. Relapses or
delayed primary attacks of P. vivax or P. ovale
malaria may thus develop from parasites that
have been dormant in the liver for several months
or years after a person has left a malaria-endemic
area. Eradication treatment (‘radical cure’) elim-
inates the pre-erythrocytic stages in the liver, thus
preventing these attacks. Eradication therapy
with primaquine is indicated in individuals who
have had acute malaria or have had substantial
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Table 3.7 Malaria chemoprophylaxis—drugs and dosages

Generic name Adult dose

Paediatric dose

Chloroquine'

Doxycycline? 100 mg daily

Mefloquine'* 250mg (1 tablet) once a week
Proguanil

chloroquine)’
Primaquine* (to prevent

relapse) once a week for 6 weeks

For P. vivax acquired in Papua New Guinea and the
Pacific, 7.5mg base three times a day, or 15mg base

twice a day, for 14 days

For gametocytocidal effect (to prevent potential

300 mg base (usually 2 tablets of salt) once a week

200 mg daily (usually combined with weekly

15mg base once a day for 14 days; or 45mg base

Smg base/kg (up to maximum adult dose)
once a week

2mg/kg daily up to adult dose. Not suitable
for children younger than 8 years

Children over 5kg, 5mg/kg weekly to adult
dose. Not suitable for children under 5 kg

Follow manufacturer’s instructions

0.25-0.33 mg base/kg/day (up to maximum
adult dose) for 14 days; or 0.8 mg base/kg
(up to maximum adult dose) once a week
for 6 weeks

0.7 mg base/kg given as a single dose

transmission of P. falciparum to mosquitoes in a
receptive area) 45 mg base as a single dose in hospital

Malarone®™ 1 adult tablet daily

(250 mg atovaquone, 100 mg proguanil).
Should be taken with food or milky drink

11 to 20kg: 1 paediatric tablet (62.5mg
atovaquone, 25 mg proguanil)
21-30kg: 2 paediatric tablets
31-40kg: 3 paediatric tablets
40 kg or more: 1 adult tablet

!Commence drug(s) at least one week before departure, continue while in and for 4 weeks after leaving the malaria-endemic area. For those living in
endemic areas for long periods, consider using no prophylaxis or chloroquine in urban (low prevalence) areas and adding doxycyline for short trips to

rural (higher prevalence) areas.

2Commence a few days before departure, continue while in and for 4 weeks after leaving the malaria-endemic area.

3Significant resistance reported from Thailand, Myanmar and Cambodia.

*Treatment with primaquine is primarily to prevent relapses of P. vivax. Check for G-6-PD deficiency. Commence at the end of treatment for acute P.

vivax or P. ovale infection, or at the end of post-exposure suppression.

As formulations and preparations (e.g. base/salt/compound) of antimalarial drugs vary from centre to centre, it is CRITICAL TO CHECK DOSES

with local pharmacists, particularly for drugs used parenterally.

exposure (workers who have spent months or
years in rural areas where malaria transmission is
intense), and who are not intending to return to a
malarious area in the short term. Primaquine is
usually commenced just after a course of sup-
pressive chemotherapy against erythrocytic stages,
or after treatment for acute malaria. Primaquine is
contraindicated in pregnancy because the G-6-PD
status of the foetus is unknown, and pregnant
women are advised to take chloroquine chemo-
prophylaxis until delivery.

A treatment course of primaquine consists of
15mg base daily or twice daily orally with food
for 14 days (Table 3.7). The higher dose is used
for P. vivax infections after relapse following
treatment with 15mg base, and in infections
acquired in the south-west Pacific and in other
areas where parasites have been shown to have
increased resistance to primaquine. This prevents
relapses in the majority of cases. The dose of
primaquine in children is 0.25-0.33 mg base/kg/
day given once a day orally for 14 days, with the

higher dose being reserved for relapsing P. vivax
infections and those acquired in the south-west
Pacific. A liquid preparation is usually available.

Primaquine may cause oxidant haemolysis in
patients with a deficiency of G-6-PD and is
contraindicated in those with severe variants of
the deficiency. Therefore, screening for G-6-PD
deficiency should be performed before treating
with primaquine. Primaquine may be given at a
higher dose (45mg base) once per week for 6
weeks (White, 1996b). Relapses are much reduced
but may still occur after eradication therapy with
primaquine, and the same or a higher dose or
longer regimen may need to be repeated.

P. falciparum Malaria

Where possible, patients with malaria should be
treated according to national guidelines. In
disease-endemic countries most patients are
treated as outpatients, but in non-endemic
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areas, such as the USA, Europe and Australia, it
is advisable to admit patients with P. falciparum
malaria to hospital for treatment and follow-up
until parasitaemia has cleared. It is important to
consult latest information, as patterns of resis-
tance and drugs of first choice are likely to
change in the next few years. Drug sensitivity
tests are currently not helpful for individual
patients.

Chloroquine-resistant P. falciparum malaria
(CRPF) is now widespread and, unless malaria
was unequivocally acquired in a chloroquine-
sensitive area (Figure 3.6), in non-endemic areas
it should be treated as resistant. In some endemic
areas, chloroquine— or antifolate—sulfa combina-
tions are still used as the drugs of first choice,
despite known high prevalence of drug resistance.
Quinine is the drug of choice for CRPF and for
severe falciparum malaria (see below). Quinidine,
although more cardiotoxic, is an alternative.
Reports of quinine resistance are increasing,
particularly in Thailand, Cambodia and Vietnam.
Combination therapies that include artesunate
are alternative therapies that should be applied
according to national guidelines.

Treatment with oral quinine sulphate should
be commenced in the first instance (Table 3.6) in
patients in whom parenteral therapy is not
indicated (see below). In addition, a course of
doxycycline or a single dose of Fansidar® (three
tablets in adults) should be commenced at any
time in the first 6 days. Fansidar® is used only
for malaria acquired in areas where P. falci-
parum s still relatively sensitive to antifolate—
sulfa-containing compounds, such as India and
some areas of sub-Saharan Africa.

Treatment with oral quinine or quinidine is
often poorly tolerated, with patients complaining
of a bitter taste as well as nausea, dysphoria,
tinnitus and, occasionally, high tone deafness
(cinchonism). The addition of doxycycline
usually allows quinine to be stopped after 3
days (Watt ef al., 1992a). This treatment is still
more than 85% effective in most areas and
serious side-effects are rare. In areas where there
is a decline in the response rate to quinine, such
as on the eastern and western borders of Thai-
land, infection should be treated with 7 days of
quinine in addition to doxycycline (White and
Pukrittayakamee, 1993). The indications for
changing to parenteral therapy are:

Repeated vomiting of medication.

Suspected malabsorption.

Deterioration in clinical condition.

Increase in parasitaemia after the second day
of therapy.

In areas where P. falciparum malaria is known
to be sensitive to chloroquine, treatment is with
oral chloroquine, as for P. vivax malaria (Table
3.6). Eradication of gametocytes may also be
desirable in areas susceptible to the introduction
of malaria (Table 3.7).

Alternative Therapies for Uncomplicated
P. falciparum Malaria

Mefloquine may be used as an alternative to
quinine and has the advantage that only one or
two doses are required because of the long half-life
(up to 3 weeks) (Palmer et al., 1993). In some parts
of Asia (especially along the Thai-Cambodian
border) the failure rate of high dose mefloquine
exceeds 40% (Looareesuwan et al., 1992). Meflo-
quine treatment for malaria acquired in South
East Asia is therefore best given in combination
with another antimalarial agent. Mefloquine
treatment should also be avoided after mefloquine
prophylaxis because of concerns about toxicity.

Artemesinin and its derivatives have been used
widely in China and South East Asia, although
they are not registered or available in many other
countries. They have been shown to be rapidly
acting and effective, particularly if given for 3-5
days in combination with mefloquine (Looaree-
suwan et al., 1992, 1994) (Table 3.6). When given
alone, treatment should be continued for 7 days,
as early parasite recrudescences are common
(White, 1996b). There is little evidence to suggest
that they currently have a role in the treatment of
uncomplicated malaria, except in some areas in
Thailand, Vietnam, Laos and Myanmar, where
multi-drug resistance is common (World Health
Organization, 1994).

Although more active and better tolerated than
mefloquine (ter Kuile et al., 1993), halofantrine
induces a delay in atrioventricular conduction
and ventricular repolarization (Nosten ez al.,
1993) and sudden death has been reported. Its
role in malaria treatment is very limited. It is some-
times used in multidrug-resistant P. falciparum
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malaria in which treatment with quinine has
failed. It should be avoided in patients who have
received mefloquine in the previous 28 days
because of concerns about ventricular arrythmias
(White, 1996b).

Malarone®, a fixed combination of atova-
quone and proguanil (see Table 3.7) is becoming
more widely available as alternative treatment
for uncomplicated malaria.

Continuing Management of Uncomplicated
Malaria

P.vivax, P. ovale and P. malariae may be managed
on an outpatient basis. Patients with P. falciparum
require hospitalisation and monitoring during
treatment, with daily thick and thin blood smears
until there are no detectable asexual parasites
(gametocytes may persist in the peripheral blood
for several weeks and are of no consequence if there
is no risk of malaria transmission). Patients should
show signs of improvement in 24—36 hours but the
parasitaemia may rise in the first 12-24 hours, even
after effective treatment has been commenced. This
occurs if some malaria parasites have passed the
stage in the life cycle at which the drug acts before
adequate drug levels have been achieved. If fever
persists or recurs during treatment, blood cultures
should be taken, as systemic sepsis due to
Salmonella infections may develop in uncompli-
cated P. falciparum malaria (Mabey et al., 1987) or
another cause of fever may coexist. Drug resistance
should be suspected and a change in therapy
contemplated if repeat smears are still positive after
48 hours (RIII resistance), or recrudescent para-
sitaemia is detected after Day 7 (RII).

Severe Malaria

General Management

The patient should be admitted to hospital as an
emergency if any of the markers of severe malaria
are present (Table 3.4), and admission to the
intensive care unit should be considered. Careful
monitoring of vital signs, neurological status,
EKG/ECG, haematocrit, blood glucose and fluid
balance are essential. Arterial pH, blood gases
and, if available, lactate levels should also be

monitored. The parasite count should be mon-
itored twice daily in critically ill patients.

Fluid and Electrolyte Balance

It is important to assess the state of hydration of
patients on admission carefully, as dehydration
may contribute to hypovolaemia and shock
(particularly in children) and result in acute
renal failure. In contrast, fluid overload may
exacerbate non-cardiogenic pulmonary oedema,
particularly in adults. The average adult may
require 10—15ml/kg of crystalloid solution in the
first 24 hours to achieve normovolaemia.
Recently it has been recognised that there is a
strong correlation between acidosis, disease
severity and outcome. Underlying acidosis in a
dehydrated patient may cause respiratory symp-
toms that were previously attributed to
pulmonary oedema and managed by fluid restric-
tion (English et al., 1997; Crawley et al., 1998).
The central venous pressure should therefore be
maintained between 0 and 5cm of water, with a
pulmonary capillary pressure that is compatible
with adequate cardiac and renal output. If
pulmonary oedema does develop, the patient
should be treated with diuretics, oxygen and fluid
restriction.

Renal Function

The urinary output should be closely monitored
and a urinary catheter inserted if necessary.
Acute renal failure (metabolic acidosis, hyperka-
laemia, fluid overload or uraemia) should be
managed promptly with dialysis or haemofiltra-
tion. Pumped veno-venous haemofiltration
appears to be more effective than peritoneal or
intermittent haemodialysis, particularly in hae-
modynamically unstable patients. Some patients
will require dialysis for more than a week,
although in most cases renal function returns
after a few days. The doses of quinine and
quinidine, but not chloroquine, should be
reduced after 2 days in patients with renal failure.
The dosage schedules for quinine and quinidine
do not need to be adjusted for peritoneal or
haemodialysis.
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Hypoglycaemia

Hypoglycaemia is present in approximately 8%
of adults (White ez al., 1983) and 25% of children
with severe malaria (White ef al., 1987). It is
more likely to occur in those given quinine or
quinidine and in pregnant or postpartum women
and may develop after several days of therapy.
The diagnosis may be overlooked, as the clinical
features of hypoglycaemia (coma, convulsions,
and extensor posture) are frequently attributed to
cerebral malaria. Acute hypoglycaemia should be
treated with an intravenous injection of 50%
dextrose followed by careful monitoring, as it
may recur and is associated with a high mortality
rate. In general, a maintenance infusion of at
least 5% dextrose should be given to all patients
after initial rehydration, and the blood glucose
level checked every 2—6 hours, or if the conscious
state worsens or seizures occur.

Cerebral Malaria

In patients with cerebral symptoms and/or signs,
consider the possibility of meningitis and perform
a lumbar puncture to exclude this diagnosis. In
cerebral malaria, the CSF is normal. Unconscious
patients should be nursed on their sides and
particular care taken of the airway. Intubation
may be necessary, depending on the state of the
airway and pulmonary function. Seizures occur
in up to 80% of children and 20% of adults.
Seizures may be focal and difficult to detect in
comatose patients. Acute treatment with intra-
venous benzodiazepines should be administered
and consideration given to the use of prophylaxis
with phenytoin or phenobarbitone (White et al.,
1988). The use of dexamethasone is contraindi-
cated in cerebral malaria (Warrell et al., 1982).

Anaemia

Anaemia due to haemolysis may develop rapidly,
especially in children. Blood transfusion is
usually indicated if the haematocrit falls to
20%. Whole blood is preferable to packed cells,
particularly if there is evidence of acute blood
loss. Although thrombocytopenia is common,
clinically significant disseminated intravascular

coagulation with spontaneous bleeding occurs in
only 5-10% of adults with severe malaria, and is
rare in children. In areas where an uncontami-
nated blood supply is not guaranteed, it may be
necessary to increase the threshold for transfu-
sion. It has been suggested that a haemoglobin of
less than 5 g/dl if there is respiratory distress, and
less than 3 g/dl if there is not, is a safe threshold
in children (Lackritz et al., 1992). Subsequent
iron and folate acid supplements may be
necessary, especially in pregnancy.

Bacterial Infections

If the condition of a patient with severe malaria
deteriorates, it is important to take blood
cultures to exclude infection, and to start
broad-spectrum antibiotics empirically. Bacterial
infections such as pneumonia and urinary tract
infections are common in patients requiring
intensive care. Spontaneous septicaemia may
also occur occasionally and is usually caused by
a Gram-negative organism.

Circulatory Collapse

Hypovolaemia, acute blood loss, pulmonary
oedema and sepsis should be considered in the
shocked patient. Also, hypoglycaemia and cardiac
toxicity from therapy with quinine or quinidine
should be excluded. Shock, which is refractory to
volume repletion, can be treated with inotropes,
although adrenaline should be avoided as it
causes lactic acidosis in severe malaria (Day
et al., 1996).

Exchange Transfusion

Exchange transfusion leads to a rapid reduction
in parasite load, corrects anaemia and clotting
abnormalities and may remove toxic metabolites.
While not fully evaluated in clinical trials,
exchange transfusion may be life-saving and
should be performed in patients with severe
falciparum malaria if the parasitaemia exceeds
15%, providing that adequate facilities exist to
ensure that blood products are safe and adequate
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medical facilities are available. If there are other
signs of poor prognosis it should be considered
for parasitaemias in the range 5-15%. Blood
should be exchanged between quinine infusions if
possible, and transfusions continued until the
parasitaemia is below 5%.

Chemotherapy

Severe P. falciparum malaria requires urgent
treatment with parenteral antimalarial agents.
Quinine is the drug of choice unless the malaria
was definitely acquired in a chloroquine-sensitive
area. Quinidine may be used as an alternative to
quinine if the latter is not available. Drugs with
short half-lives (quinine, quinidine, artemesinin)
should be given for at least 7 days if given alone.
Shorter treatments are required for drugs with
longer half-lives (chloroquine, mefloquine, pyr-
imethamine/sulphadoxine). It is important to
distinguish between base and salt when calculat-
ing the drug dose. Chloroquine, mefloquine and
primaquine prescriptions are usually written as
the amount of base, whereas quinine and
halofantrine are written as the amount of salt.
Always check the doses carefully.

Recommended Chemotherapeutic
Regimens for Treating Severe Malaria

As formulations and preparations (e.g. base/salt/
compound) of antimalarial drugs vary from
centre to centre, it is CRITICAL TO CHECK
DOSES with local pharmacists, particularly for
drugs used parenterally.

1. Parenteral quinine. A loading dose of
parenteral quinine should be given to most
patients to ensure rapid attainment of effective
drug concentrations. A loading dose should NOT
be given if the patient has received quinine,
quinidine or mefloquine during the preceding 12—
24 hours.

e If intensive care facilities are available, 7mg
quinine dihydrochloride salt/kg diluted in
60ml 0.9% saline should be infused by
motor-driven syringe pump over 30 minutes,
followed by an intravenous infusion of 10 mg/

kg quinine dihydrochloride diluted in 10 ml/
kg isotonic fluid, given over the next 4 hours
(White, 1996b). Maintenance doses should be
given 8 hourly, as indicated below.

e Alternatively, a loading dose of 20 mg salt/kg
may be infused in 500 ml 5% glucose over 4
hours, followed by a maintenance infusion of
10 mg salt/kg over 2-8 hours, repeated every 8
hours until oral therapy is tolerated. The
maintenance dose should be commenced 4
hours after the loading dose is completed
(White, 1996b).

e If an intravenous infusion cannot be given,
quinine dihydrochloride diluted to between 60
and 100 mg/ml may be administered by deep
intramuscular injection into the anterior
aspect of the thigh. The initial loading dose
can be divided and half injected into each leg.
This regimen has been shown to be satisfac-
tory for the treatment of severe malaria in
children in Kenya (Pasvol ef al., 1991).

Note.: The bisulphate salt of quinidine has only
70% of the activity of the sulphate salt and
appropriate dosage adjustments should be made.

2. Parenteral quinidine. Quinidine is more
active than quinine but it is also more cardio-
toxic. It is mainly used in areas where parenteral
quinine is not commonly available (such as in the
USA Miller et al., 1989). It has an approximately
four-fold greater effect in prolonging the EKG
QT interval than quinine and, although arrhyth-
mias have not been reported in association with
malaria therapy, EKG monitoring is required. A
loading dose of quinidine gluconate (10 mg salt/
kg, max 600mg) should be infused in normal
saline over 1-2 hours followed by 0.02mg/kg/
min by infusion pump until the patient can
swallow quinine tablets (White, 1996b). The
infusion rate should be slowed if the plasma
quinidine concentration exceeds 6 mg/ml, or the
QT interval exceeds 25% of the baseline value.
Both quinine and quinidine may accumulate
during renal failure, so doses should be decreased
to one-third to one-half after 48 hours or serum
levels should be measured (Murphy and Oldfield,
1996). The therapeutic range for the unbound
drug probably lies between 0.8 and 2mg/l,
depending on the sensitivity of the infecting
malaria parasites. This corresponds to total
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plasma concentrations of 8-20mg/l for quinine
and 4-8 mg/l for quinidine.

e Treatment with quinine or quinidine should
be combined with doxycycline (100 mg twice
daily for seven days), commenced while the
patient is in hospital, or pyrimethamine—
sulphadoxine (3 tablets) given on the last day
of quinine therapy, provided that these drugs
are not contraindicated (in which circumstance
a longer course of quinine would be required).

3. Chloroquine is as effective as quinine in the
treatment of chloroquine-sensitive falciparum
malaria.

e The total dose should be 25 mg base/kg/day
(not exceeding 15 mg base/kg on the first day)
administered as follows. An initial dose of
10 mg base/kg intravenously by constant rate
infusion (or, if infusion pump unavailable, in
500 ml isotonic saline or 5% dextrose) given
over 8 hours, followed by 15 mg base/kg over
24 hours (White, 1996b). Oral treatment
should be substituted as soon as the patient
can take tablets.

Alternative Chemotherapy for Severe
Malaria

Artemesinin and derived compounds should be
considered for the treatment of P. falciparum
malaria that fails standard drug regimens and for
severe falciparum malaria acquired in areas where
P. falciparum is known to be multidrug-resistant:

e Artesunate 2.4 mg/kg by intravenous or intra-
muscularly injection, followed by 1.2 mg/kg at
12 and 24 hours, then 1.2mg/kg daily.
Parenteral artesunate is unstable in water
and must be reconstituted in 5% sodium
bicarbonate solution prior to administration
(Meshnick et al., 1996; White, 1996b).

e Artemether 3.2 mg/kg by intramuscular injec-
tion, followed by 1.6 mg/kg daily, can be used.

e Artesunate suppositories have been shown to
clear P. falciparum parasitaemia as rapidly as
i.v. artesunate and more rapidly than i.v.
quinine (Hien ez al., 1992).

Mefloquine and halofantrine have been used as
alternatives to quinine/quinidine and artesunate/

artemether therapy, but halofantrine has poten-
tial serious cardiotoxicity, referred to previously.
Recent studies suggest that the combination of
artemesinin derivatives and mefloquine may be
more effective than either drug alone and may
prevent the late recrudescences typically observed
with artesunate alone (Looareesuwan et al.,
1992). Artemesinin derivatives appear to have
the added advantage of treating sexual forms.

Follow-up of Severe Malaria

Parasitaemia should be followed once or twice
a day after therapy begins until thick smears
are repeatedly negative (usually 48-96 hours).
Parasitaemia may rise during the first 24 hours
of therapy if the initial brood of parasites has
passed the stage in the life cycle at which the
currently available antimalarial drugs are
active, and schizonts rupture to release mer-
ozoites. If the parasitaemia remains high at 48
hours, high-level drug resistance (RIII) may be
present and consideration should be given to
changing the therapeutic regimen (Watt et al.,
1992b). Oral medications should replace intra-
venous therapy as soon as the patient is able to
tolerate fluids.

Management of Malaria in Pregnancy

The management of pregnant women with
malaria is essentially the same as for other
patients, although frequent blood glucose and
foetal monitoring is recommended. The choice of
chemotherapy will depend on the factors outlined
above but will also be influenced by the known
safety profile of the drugs in pregnancy. For
instance, doxycycline and primaquine are contra-
indicated and pyrimethamine/sulfa combinations
should be used with caution. There is little
information about the use of halofantrine or
artemesinin and its derivatives. Quinine and
chloroquine have been used extensively in preg-
nancy with no specific adverse findings.
Mefloquine appears safe when given in the
second or third trimester of pregnancy, although
there has been a trend towards increased rates of
spontaneous abortion in some studies (Smoak et
al., 1997; Phillips-Howard et al., 1998).
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Antimalarial Drugs—A Summary

Quinoline-containing Drugs (Cinchona
Alkaloids)

The quinoline-containing antimalarials kill
malaria parasites by causing swelling of the
food vacuole, increasing granularity and ultimate
cell lysis (Foote and Cowman, 1994). This is
associated with inhibition of haem polymerisa-
tion, but the detailed mechanisms of parasite
death have yet to be elucidated. They include
quinine, which has been used to treat malaria for
centuries, and the relatively recent derivatives,
chloroquine, amodiaquine, mefloquine and halo-
fantrine.

Quinine and Quinidine

Quinine, an alkaloid from the bark of the
cinchona tree, is the mainstay of treatment for
P. falciparum malaria and is occasionally used
for self-treatment. Treatment with oral quinine
is not well tolerated because of the bitter taste
and the frequency of cinchonism (nausea,
dysphoria, tinnitus and deafness). Quinine has
a narrow therapeutic ratio and, when given
parenterally, should be given by intravenous
infusion and never by bolus injection. With
intravenous use, hyperinsulinaemic hypoglycae-
mia is the main adverse effect and is usually
seen after at least 24 hours of treatment.
Cinchonism and hypoglycaemia are not neces-
sarily indications to cease therapy. Cardiac
conduction disturbances and hypersensitivity
occur occasionally and haemolysis rarely. Qui-
nidine is the dextrorotatory optical isomer of
quinine and, although more active, is more
likely to cause cardiotoxicity. EKG monitoring
is required so that infusion rates can be reduced
if prolongation of the QT interval develops. It
has the same propensity to cause hypotension
and hypoglycaemia.

Chloroquine

Chloroquine is a 4-amino quinoline compound
which is used for treatment and chemoprophylaxis
of malaria infections likely to be chloroquine-
sensitive. The drug is active against the erythrocytic

stages of chloroquine-sensitive (most) P. vivax, P.
ovale, P. malariae and chloroquine-sensitive P.
falciparum and the gametocytes of P. vivax. It is
not active against the pre-erythrocytic stages of
any of the species, or the gametocytes of P.
falciparum. 1t is well tolerated except for its bitter
taste, and may be used in pregnant and lactating
women and children. Chloroquine is adminis-
tered as a salt (such as chloroquine phosphate or
sulphate) but the dose is calculated according to
the amount of chloroquine base that is required.
Chloroquine may be given intravenously but
should be given by rate-controlled infusion, so
that hypotension does not develop (White, 1996b).
The drug is also well absorbed intramuscularly
and subcutaneously but is best given in small
frequent doses to avoid toxic concentrations in
blood (White, 1996b). A liquid form is available
for children that should preferably contain
chloroquine sulphate as the phosphate salt is
unstable if kept in liquid suspension for pro-
longed periods. Hydroxychloroquine sulphate is
a 4-aminoquinoline alternative to chloroquine
phosphate or chloroquine sulphate.

Side-effects include nausea, headache, pruritis
(especially in dark-skinned persons), rash, rever-
sible corneal opacity and partial alopecia. Care is
necessary in giving chloroquine to patients with
psoriasis, porphyria or impaired liver function.
Nail and mucous membrane discoloration, nerve
deafness, photophobia, myopathy, blood dyscra-
sias, psychosis and seizures are rare. Retinopathy
is also rare at doses used for malaria prophylaxis,
but an ophthalmologic examination is recom-
mended after a cumulative dose of 100-150 g (6—
10 years continuous prophylaxis). Concurrent use
of chloroquine may interfere with the antibody
response to human diploid cell rabies vaccine.
Chloroquine has a low toxic:therapeutic ratio and
so the drug must be kept away from children.

Mefloquine (Lariam)

Mefloquine is similar in structure to quinine and
is effective against P. vivax, P.ovale and most P.
falciparum infections in the prevention and
treatment of malaria. There is no parenteral
preparation.

Minor side-effects, including nausea, diarrhoea,
dizziness, ataxia, vertigo, headache, anxiety, vivid
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dreams and insomnia, are reported in 25-40% of
those using mefloquine for chemoprophylaxis
(Lobel et al., 1993; Steffen et al., 1993). Serious
neuropsychiatric reactions (severe depression,
seizures and acute psychoses) are reported to
occur at a rate of 1:10000 to 1:13000 (Steffen et
al., 1993) when mefloquine is used for chemo-
prophylaxis. Minor side-effects are also common
(ter Kuile et al., 1996) and severe reactions are
10-60 times more likely when treatment doses
(25mg base/kg) are used (Weinke et al., 1991;
Phillips-Howard and ter Kuile, 1995). Minor
side-effects with use of prophylactic mefloquine,
such as dizziness, appear to be transient and self-
limited. The drug is therefore contraindicated in
those with a previous history of seizures, psy-
chosis, depression or a past severe reaction to
mefloquine. Mefloquine may potentiate cardiac
conduction abnormalities and is contraindicated
in individuals with this condition and those taking
beta-blockers for cardiac arrhythmias. It appears
safe in those taking beta-blockers for hyper-
tension if they have no underlying arrhythmia.
Mefloquine toxicity is most likely to develop
during the first few weeks of use (Phillips-
Howard and ter Kuile, 1995). Mefloquine has
been used with safety in the second and third
trimester of pregnancy and in children >15kg.
The data showing safety in the first trimester of
pregnancy and in children <15kg is gradually
accumulating and may in time be considered the
best option in this group (Phillips-Howard and
Wood, 1996; Phillips-Howard et al., 1998). Some
reports have identified a trend to increased rates
of spontaneous abortion in pregnant women
taking mefloquine but the significance is not yet
clear (Smoak et al., 1997; Phillips-Howard et al.,
1998). Halofantrine and quinine should not be
given concurrently with mefloquine (Phillips-
Howard and ter Kuile, 1995), and halofantrine
should be avoided for 28 days after mefloquine
use. Concurrent use of mefloquine may interfere
with the antibody response to oral Ty21a typhoid
vaccine. There is no evidence that long-term use
of mefloquine chemoprophylaxis is associated
with additional adverse effects (Lobel et al.,
1993). However, it should not be reused for
treatment within 28 days because of possible
potentiation of the CNS side-effects.

As with all medications, physicians should
regularly review indications and contraindications

in texts and in the manufacturers’ package inserts,
when prescribing mefloquine.

Primaquine

Primaquine is an 8-aminoquinoline which is
active against P. vivax and P. ovale pre-erythro-
cytic stages. It is used primarily to eradicate these
parasites from the liver, thereby preventing
relapses or delayed primary attacks. The daily
administration of primaquine for causal prophy-
laxis is not often used because of concerns about
toxicity. However, it has been used together with
doxycycline in military personnel in Papua New
Guinea and was shown to be effective against P.
vivax and P. falciparum (Rieckmann et al., 1993).
It was also efficacious and well tolerated in a
study involving adult men in Irian Jaya who were
not deficient for G-6-PD (Fryauff et al., 1995).
Primaquine is gametocidal for P. falciparum and
has been used to eliminate these sexual forms to
prevent malaria transmission in areas where
susceptible mosquitoes exist.

Gastrointestinal disturbances are common,
including nausea, vomiting, anorexia, dizziness
and abdominal pain, but ingestion of the
medication with food lessens abdominal distress.
Primaquine is an oxidant drug that converts
haemoglobin to methaemoglobin. Cyanosis
becomes clinically detectable when about 1g
methaemoglobin has been produced, which is
not uncommon with usual treatment doses.
Neutropenia and agranulocytosis occur rarely.
The major toxic effect is acute haemolysis with
anaemia of varying severity, haemoglobinuria
and jaundice in G-6-PD deficient individuals.
G-6-PD deficiency is usually a sex-linked reces-
sive trait and so occurs in males, especially of
Mediterranean, Asian and African origin. The
condition is also common in Papua New Guinea.
The trait appears to confer a degree of protection
against malaria, consistent with the high carriage
rate in peoples of malaria-endemic regions.
Haemolysis may be particularly severe in Chi-
nese, Sri Lankans, Papua New Guineans and
people of Mediterranean origin. G-6-PD defi-
ciency should be excluded by laboratory testing
before primaquine is prescribed. Primaquine has
been used in Africans with G-6-PD deficiency,
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but at altered dosage and duration. It is contra-
indicated during pregnancy.

Halofantrine (Halfan)

Halofantrine was generally reserved for treatment
of refractory cases of P. falciparum because, apart
from occasionally causing cough, pruritus and
rash, it can produce cardiac conduction abnorm-
alities, including ventricular arrhythmias and
sudden death. The drug is not recommended for
prophylaxis because of variable absorption and it
no longer has a role in presumptive treatment
because of concerns about cardiotoxicity.

Halofantrine should not be given to patients
with cardiac conduction defects or to those
taking drugs which are known to prolong the
QT interval (quinine, quinidine, chloroquine,
tricyclic antidepressants, neuroleptic drugs, terfe-
nadine, astermizole). In particular it should not
be used in those who have received mefloquine
within the previous 28 days, as the cardiac effects
are increased. The oral bioavailabity of halofan-
trine is poor but can be increased if the drug is
taken with fatty food (White, 1996b). Because of
reports of sudden death, the drug now has little
place in the treatment of malaria.

Folate Antagonists

Folate synthesis is essential to malaria parasites
as they are unable to scavenge pyrimidines from
their host. Blocking synthesis results in depletion
of pyrimidines, methionine and serine and leads
to cell cycle arrest and finally death of the
parasite (Foote and Cowman, 1994). The two
classes of antifolates are the dihydrofolate
reductase (DHFR) inhibitors (proguanil and
pyrimethamine) and sulphonamide antibiotics
(sulphadoxine) and sulphones (dapsone).

Pyrimethamine and Sulphadoxine
(Fansidar®)

This fixed combination has been used both for
prophylaxis and treatment of falciparum malaria.

Fansidar™ is no longer used or recommended as

a chemoprophylactic agent because of increasing
resistance, as well as serious toxicity. It is used
for the treatment of malaria in certain endemic
areas of Africa and in some countries has become
the recommended drug for first line treatment. Its
use in South East Asia is limited because
resistance is now widespread, but it will continue
to play an important role in sub-Saharan Africa
until resistance that is already present becomes a
greater problem. It is available in some countries
as a fixed combination with mefloquine (‘Fansi-
mef”) but this is not recommended.

Headache, nausea and folate deficiency are
occasional side-effects. Stevens—Johnson syn-
drome, erythema multiforme, toxic epidermal
necrolysis, hepatitis and blood dyscrasias are rare
side-effects of sulphadoxine but may be severe.
The drug is contraindicated in patients who are
allergic to sulphonamide agents and should not
be used in combination with drugs containing
antifolate agents or other sulphonamides. It
should be used with caution in pregnancy,
newborn infants and lactating mothers.

Pyrimethamine and Dapsone (Maloprim)

This combination of a sulphone and a folate
antagonist has also been used widely in combina-
tion with chloroquine for prevention of
chloroquine-resistant malaria. There is now
widespread resistance and that, together with a
propensity to cause agranulocytosis, has meant
that Maloprim is no longer recommended for
chemoprophylaxis. It has no place in the treat-
ment of acute malaria.

Proguanil (Paludrine)

Proguanil is a dihydrofolate reductase inhibitor
that is used for chemoprophylaxis. It has few
serious side-effects: anorexia, nausea and mouth
ulcers occur relatively commonly; haematuria is
rare. Resistance is widespread but is not linked to
choroquine resistance, so proguanil should be
given in combination with chloroquine for those
patients who cannot take mefloquine or doxycy-
cline. The combination has been shown to be
more efficacious in sub-Saharan Africa than
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chloroquine alone but still only provides about
50-65% protective efficacy (Steffen et al., 1993;
Weiss et al., 1995).

Endoperoxides

Qinghaosu is a traditional Chinese malaria
remedy and is derived from cultivated Artemisia
annua, a plant used by Chinese herbalists since
168 BC (Hien and White, 1993).

Artemesinin and Derivatives

Artemesinin is an endoperoxide-containing ses-
quiterpene lactone and was identified in 1972 as
the active component of qinghaosu. Artemesinin
(tablet and suppository formulations) and two
derivatives, artesunate (tablet, suppository and
parenteral formulation) and artemether (tablet
and parenteral formulations), are effective in the
treatment of multidrug-resistant P. falciparum
malaria. These agents are converted into free
radicals, which react with and damage specific
malaria membrane-associated proteins. They are
most active against late-stage ring parasites and
trophozoites and are gametocytocidal (Mesh-
nick et al., 1996). Artemesinin has been given to
millions of patients in China and IndoChina
and no serious toxicity has been reported (Hien
and White, 1993). Artemesinin given as rectal
suppositories appeared to be as effective as
parenteral agents in one study (Hien et al.,
1992). Artesunate is the most rapidly acting of
the available compounds, possibly because it is
immediately bioavailable. Two recent studies
suggest that artemether is more effective than
quinine in reducing fever and clearing parasites
from the blood, but the length of time to
recovery and case fatality rates appear to be
similar (Hien et al., 1996; van Hensbroek et al.,
1996). One concern with these agents is the
potential for neurological toxicity. Artemether
and arteether (a new derivative, which is being
assessed in clinical trials) both cause neuro-
pathic lesions in the caudal brain stem when
administered to experimental animals in high
doses, and in one of the above studies there was
an increased incidence of convulsions in the

artemether group (Hoffman, 1996). Water-
soluble artesunate is likely to have less risk of
neurotoxicity than fat-soluble artemesinin
derivatives. Cardiac arrhythmias have been
reported rarely (Win et al., 1992). Artemesinin
and derivatives have short half-lives and
correspondingly high recrudescent parasitaemia
rates (up to 50%) when used as monotherapy
for <5 days. In the light of recent studies
showing higher cure rates, it now seems
desirable to use artemesinin and derivatives in
combination with mefloquine or tetracycline
(Meshnick et al., 1996). The drugs are not
suitable for use as chemoprophylactic agents.
Many second-generation endoperoxides have
been developed, but none appear to have
advantages over the first-generation compounds
(Meshnick et al., 1996).

Others

Doxycycline

Doxycycline is used both for chemoprophylaxis
and as an adjunct to treatment with quinine or
quinidine. The requirement for daily dosing may
decrease compliance, the major reason for dox-
ycycline failures, as doxycycline is efficacious
against mefloquine-sensitive and mefloquine-
resistant P. falciparum malaria and P. vivax
malaria. Doxycycline acts partly as a causal
prophylactic (by killing liver forms of the
parasite) but the effect is incomplete, so prophy-
laxis must be taken for 4 weeks after leaving a
malaria-endemic area to allow killing of erythro-
cyte stages.

Side-effects include oesophagitis, gastritis,
vaginal candidiasis and photosensitivity (which
may be severe). Allergic reactions, oesophageal
ulceration, hepatic and renal toxicity, and blood
dyscrasias are rare. It is contraindicated in
pregnant and lactating women and in children
younger than 8 years, as it may result in bone
deposition and discoloration of the teeth. It
should be taken with food or liquid to decrease
the likelihood of gastrointestinal disturbances. It
is believed that doxycycline can be used for
prolonged periods at a dose of 100mg/day,
although safety has yet to be established. It is
reassuring that doxycycline has apparently been
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used safely for long periods (sometimes years)
for the treatment of acne, albeit at a lower dose
(Brown, 1993).

Proguanil and Atovaquone (Malarone™)

Atovaquone-proguanil has been shown to be
effective for both the chemoprophylaxis and
treatment of P. falciparum and P. vivax infec-
tions. (Radloff et al., 1996; Lell et al., 1998;
Shanks et al., 1998). It is administered orally over
a 3 day period for treatment (4 tablets, 250 mg/
100mg) as a single dose daily with food or milk
for prophylaxis. Nausea and vomiting have been
prominent side-effects in some studies (Radloff
et al., 1996; Lell et al., 1998). As spontaneous
resistance arises rapidly when proguanil or
atovaquone are used for monotherapy, there is
concern that the combination may not retain
long-term efficacy when its use is broadened.

Drug Combinations and New Agents

There is an urgent need to identify new antimalar-
ial agents and antimalarial drug combinations
which are effective against multidrug-resistant P.
falciparum (Heppner and Ballou, 1998).

The combination of artemether and benflume-
tol (co-artemether) has been shown to be effective
for the treatment of acute uncomplicated malaria
in an area of multidrug resistance (van Vugt et al.,
1998). Although not as efficacious as artesunate-
mefloquine (81% vs. 94%) at the doses used, it
was well tolerated, with fewer side-effects. Further
studies using higher doses for longer periods will
further define the usefulness of this therapy.

Pyronaridine has been used in China for many
years to treat P. falciparum and P. vivax malaria.
It has been shown to be superior to chloroquine
when used for treatment of P. falciparum malaria

Table 3.8 WHO malaria control strategy

in African children but issues of bioavailability
and safety have still to be established (Winstan-
ley, 1996) .

WR238605 is a long-acting primaquine ana-
logue which has been shown to be effective in
preventing relapses of P. vivax in adults in
Thailand and also in preventing P. falciparum
infections in adults in Africa when given as a
weekly dose (Heppner and Ballou, 1998; Looar-
eesuwan et al., 1998). Further studies are
required but it is hoped that this agent will be
useful in areas with high rates of primaquine
failure.

Chloroproguanil/dapsone (LAPDAP) is a
potential new treatment for uncomplicated
P. falciparum in Africa. It is active against
sulphadoxine/pyrimethanine and is currently
under evaluation as a possible alternative.

PREVENTION AND CONTROL

The need for effective malaria control remains
great as malaria continues to threaten popula-
tions in many parts of the world. Obstacles, such
as increasing drug resistance among malaria
parasites and increasing insecticide resistance
among mosquitoes, have made control more
difficult and heightened the need for effective
vaccines or improved control measures.

The World Health Organization Global
Malaria Control Strategy (Amsterdam, 1992)
acknowledges the failure of a single approach
to malaria control or eradication and recognises
that different approaches are required to tackle
the consequences of malaria in areas of different
endemicity (Table 3.8). This has resulted in a
progressive strengthening of national and local
capacities for assessing malaria situations and
selecting appropriate measures (some of which
are outlined below) to reduce or prevent disease
in the community. The ‘Roll Back Malaria’

ecological, social and economic determinants of the disease

Provision of early diagnosis and prompt treatment for the disease

Planning and implementation of selective and sustainable preventive measures, including vector control

Early detection for the prevention or containment of epidemics

Strengthening of local research capacities to promote regular assessment of countries’ malaria situations, in particular the
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campaign was launched as a new initiative on
30 October 1998, bringing together UNDP,
UNICEF, WHO and the World Bank in an
attempt to provide a higher profile and greater
financial resources for malaria control (World
Health Organization, 1999).

The prevention of malaria in travellers to
endemic areas has also received renewed atten-
tion as the number of individuals at risk from
malaria because of travel to remote and rural
areas in the tropics has increased (Kain and
Keystone, 1998).

Treatment of Acute Cases

The first priority of a malaria control programme
is to reduce mortality and morbidity by ensuring
that facilities are available for the early diagnosis
and treatment of acute malaria. Indeed, easy
access to treatment is the main approach to
malaria control in many areas. Early treatment
of cases also reduces transmission by reducing
the opportunities for mosquitoes to become
infected. This approach has been quite effective
in countries with low malaria endemicity, such as
Thailand, but has had less impact in highly
endemic areas in Africa (Greenwood, 1997). The
therapeutic agents most likely to reduce trans-
mission are those that are gametocytocidal and
include artemesinin and its derivatives. Indeed,
the introduction of the artemisinin derivatives in
routine treatment in a study site on the Western
border of Thailand in mid-1994 was associated
with a reduction in the subsequent incidence of
falciparum malaria of 47(25-69)% (Price et al.,
1996). A strategy using artemesinin treatment
combined with another antimalarial drug to
prevent emergence of resistant and vector control
may be effective in the future.

Chemoprophylaxis in Malaria-endemic
Areas

Further reduction in morbidity can be achieved
in endemic areas by targeting high risk groups
(children, pregnant women and non-immune
migrants) with chemoprophylaxis programmes.
Although studies suggest that effectiveness in

pregnant women is limited in holoendemic areas
(Silver, 1997), in areas of unstable endemicity,
chemoprophylaxis has been shown to prevent
malaria in the majority of recipients and to
increase birth weight in babies of those women
who did contract malaria (Greenwood et al.,
1989; Nosten et al., 1994). Chloroquine, which
has been used in the past, is no longer effective in
many areas. Mefloquine (Nosten et al., 1994) and
Fansidar®™ (given as two treatments in the second
and third trimester; Schultz ez al., 1994) appear
to be safe and effective alternatives. In some
areas, it may only be necessary to give chemo-
prophylaxis during first pregnancies, as the risk to
mother and baby is much higher in the first than
in subsequent pregnancies (Greenwood, 1997).

Reduction of Transmission of Malaria

Vector Control

The control of mosquitoes is a very effective
method of protecting a community against
malaria infections. Environment modification,
including drainage, landfill and other forms of
water level management, has been a successful
and cost-effective method in some parts of the
world. This approach has been combined with
widespread larvicide spraying to further prevent
mosquito breeding. The use of residual insecti-
cides (such as 2,2-bis-(p-chlorophenyl)-1,1,1-
trichloroethane, DDT) directed against adult
mosquitoes was a major breakthrough. DDT
sprayed inside houses is active for many months
in killing mosquitoes which rest on interior walls
and ceilings after feeding on household inhabi-
tants. Mass spraying campaigns with DDT were
very successful in controlling malaria in many
countries during the 1950s and 1960s. Unfortu-
nately, Anopheles mosquitoes have been able to
survive these chemical attacks by developing
resistance to the residual insecticides and by
changing their feeding and resting habits. There
has also been a growing concern about the effect
of residual insecticides on the human population
and on the environment, leading to an increased
focus on individual protection and a renewed
interest in larva control, using both biological
methods (such as larvivorous fish and bacterial
toxins) and chemical agents.
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House Screening and Mosquito Repellents

Anopheles mosquitoes tend to bite indoors, so
mosquito-proofing measures, such as mesh
screens, are important. The use of ‘roll-on’ insect
repellents applied to exposed skin and ‘knock-
down’ sprays are an effective method of protec-
tion but may not be available or affordable in
many malaria-endemic areas.

Impregnated Bednets and Other Materials

Insecticide-impregnated bednets and curtains
have now been shown to reduce the incidence
of clinical attacks of malaria in children in both
Africa and Asia. The African trials have shown a
reduction in overall child mortality by 20-30%
and a reduction of clinical attacks of malaria
by approximately 50% (Choi et al., 1995;
D’Alessandro et al., 1995a) without rebound
mortality following the intervention. Treatment
with permethrin (300-500mg/m?) or similar
insecticide provides more protection than
untreated nets (Choi et al., 1995), although nets
require retreatment every 6 months to maintain
effectiveness. Sleeping under permethrin-treated
nets does not appear to have been hazardous for
pregnant women or children, but efficacy in
preventing malaria in pregnancy is uncertain.
The wide-scale introduction of insecticide-
impregnated bednets has been very effective but
concerns have been raised about sustainability
when costs are shifted to the user (Cham et al.,
1997) and also the possibility that morbidity and
deaths may not be prevented but delayed until an
older age (Greenwood, 1997). In addition,
mosquito populations are likely to be able to
adapt to interventions by developing resistance
to drugs or behavioural change.

Prevention of Malaria in Travellers

The epidemiology of malaria changes constantly,
and those advising travellers must have access to
the most up-to-date information about the
distribution and seasonality of malaria and be
conversant with the most recent information on
drug sensitivity, availability and side-effects. A

balanced view of the risks and benefits of various
approaches to malaria prevention can then be
provided.

Assessing Individual Risk

Assessment of a traveller’s risk of acquiring
malaria is based on a detailed travel itinerary,
including duration of travel and activities in each
malaria endemic area. The risk varies according
to geographic area. For example, the rate of
imported malaria in Australians returning from
endemic areas in 1991 varied from 7-9/1000
travellers to Papua New Guinea and the Solo-
mon Islands, to 4/100 000 travellers to Malaysia
(Centre for Disease Intelligence, 1991). British
travellers to East Africa have attack rates of up
to 465/100000 (Phillips-Howard et al., 1990).
Within each geographic area, variations in
malaria risk exist because of altitude, climate,
season and degree of urbanisation. The types of
accommodation (e.g. camping, well-screened, air-
conditioned) that will be encountered is also
important, given that the mosquito vector feeds
mainly between dusk and dawn.

Prevention of Mosquito Bites

It is important to educate travellers about
minimisation of exposure to Anopheles mosquito
bites, as this will considerably reduce the risk of
malaria infection (and other diseases carried by
mosquitoes). Female Anopheles mosquitoes are
evening and night-time feeders, and so wearing
light-coloured clothing that reduces the amount
of exposed skin during the dusk-to-dawn period,
using insect repellent on exposed skin, and
sleeping in screened accommodation or under
bednets (preferably treated with permethrin, as
described above) are all important measures. If
bednets are not available, the use of ‘knock-
down’ sprays or coils is useful to clear the room
of mosquitoes before going to sleep. Insect
repellents containing N,N-diethylmetatoluamide
(DEET) are most effective for reducing exposure
outdoors. Repellents containing high concentra-
tions of DEET (>35%) protect for longer
periods of time but have been associated with



MALARIA 89

seizures and encephalopathy in young children
(MMWR, 1989). Therefore, a lower concentra-
tion formulation should be applied sparingly on
children and this can be washed off before going
to sleep under a net.

Chemoprophylaxis in Travellers

Malaria chemoprophylaxis refers to the admin-
istration of drugs to prevent the development of
symptomatic infection. Most available drugs
exert their major effect on the blood stages of
the parasite without eliminating the hepatic
stages. Therefore, chemoprophylaxis must be
continued after exposure for longer than the
usual duration of the pre-erythrocytic (hepatic)
cycle, so that all parasites entering the blood
from the liver will be killed. In the case of P.
vivax and P. ovale infections, the aim 1is to
prevent disease while taking prophylaxis, in the
knowledge that a minority of individuals may
develop disease months or years later as hypno-
zoites emerge from the liver.

The need for and type of prophylaxis will
depend on the anticipated duration and intensity
of exposure to malaria, as well as the pattern of
drug resistance in the areas of travel. It is
necessary to ascertain whether the traveller will
have ready access to competent medical care,
whether there will be travel in a drug-resistant P.
falciparum area (see map) and whether there are
any contraindications to the use of a particular
antimalarial drug. Any allergies or illnesses that
may increase the risk of travel must also be taken
into consideration. Individuals who have had
splenectomy or who have cardiac, neurological
or psychiatric conditions may present special
problems. The final decision about the need for
and type of chemoprophylaxis should be indivi-
dualised and should take into account the risk of
acquiring infection vs. the potential risks of the
drugs.

In general, chemoprophylaxis should be con-
sidered for travellers to urban and rural areas of
sub-Saharan Africa, Oceania, Haiti, India, Paki-
stan, Bangladesh and the Terai region of Nepal,
and for individuals travelling in rural, non-resort
areas of South East Asia, Central and South
America, certain parts of Mexico, North Africa

and the Dominican Republic (Kain and Key-
stone, 1998).

Resistance of P. falciparum to chloroquine has
been confirmed or is probable in most countries
with P. falciparum malaria. Some current excep-
tions include the Dominican Republic, Haiti,
Central America north of the Panama Canal
Zone, Egypt, and most countries in the Middle
East. In addition, resistance to both chloroquine
and Fansidar®™ is widespread in Thailand,
Myanmar (formerly Burma), Cambodia, and
the Amazon basin area of South America, and
resistance has also been reported sporadically in
sub-Saharan Africa. Resistance to mefloquine
has been confirmed in those areas of Thailand
with malaria transmission (Centers for Disease
Control and Prevention, 2001).

The following regimens are currently recom-
mended (World Health Organization, 1998a;
Centers for Disease Control and Prevention,
2001) (Table 3.7):

e Use weekly chloroquine for areas with
chloroquine-sensitive malaria—Mexico, the
Caribbean, Central America (west of the
Panama Canal) and parts of the Middle
East as above.

e For areas with chloroquine-resistant malaria
use:

— weekly mefloquine, if not contraindicated.
Can be used for long-term prophylaxis but
warn travellers of side-effects

— daily doxycycline, if not contraindicated
(not for children <8 yrs, pregnant or
lactating women)

— daily Malarone®™ (not recommended for
children <11 kg or pregnant women).

All drugs should be commenced 1-2 weeks
before entering a malarious areas to allow early
detection of side-effects and the establishment of
adequate blood levels. Doxycycline and Malar-
one™ are exceptions and may be commenced 1-2
days before entering malarious areas. Doxycycline
and Malarone® are taken daily and chloroquine
and mefloquine are taken weekly. Drugs are
continued while in and for 4 weeks after leaving
the malaria area except for Malarone™ which is
continued for 7 days. It is usually necessary to
continue prophylaxis for this 4 week period, as it
may take 4 weeks or longer from infection by a
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mosquito to the appearance of parasites in the
peripheral blood. Occasionally this period may be
even longer and primary illness may appear in the
few weeks or months after ceasing chemopro-
phylaxis. Travellers should also be warned that
relapses of P. vivax and P. ovale infections may
occur months to years after last leaving a
malaria-endemic area.

Not all travellers to countries with chloroquine-
resistant malaria require prophylaxis. For exam-
ple, there is minimal risk in cities and the main
seaside resorts of Thailand, despite high level
resistance in rural forest border areas (World
Health Organization, 1998a), and little risk for
travellers visiting the major tourist areas in Bali.

For those living in endemic areas for long
periods, consider concentrating on preventing
exposure and using safe but less efficacious
chloroquine in urban (low prevalence) areas
and adding doxycyline for short trips to rural
(higher prevalence) areas.

Travellers should be advised that it is still
possible to contract malaria, regardless of the
protective measures employed and the chemo-
prophylaxis used, even in situations where a low
level of risk was anticipated. They should be
cautioned that, although malaria is readily
treatable in the early stages, delay in diagnosis
or the commencement of appropriate therapy
may lead to serious or fatal consequences.
Travellers and health care providers must there-
fore consider the diagnosis of malaria in any
febrile illness that occurs during or after travel to
a malaria-endemic area. If the diagnosis of
malaria is considered, a blood slide should be
taken and examined without delay.

Pregnancy

Chloroquine and proguanil are safe for use in
pregnant women travelling to areas with chlor-
oquine-sensitive malaria. Non-immune women
are advised to postpone travel to areas where
there is a significant prevalence of chloroquine-
resistant malaria. If this is not possible CDC
advises that use of mefloquine “during second
and third trimesters of pregnancy is not asso-
ciated with adverse fetal pregnancy outcomes”.
Limited data suggest it is safe during first
trimester. There is insufficient data about safety

of Malarone®™ in pregnancy and so it is not
currently recommended (Centers for Disease
Control and Prevention, 2001). However, one
limited study suggested a trend towards an
increased rate of spontaneous abortion in women
receiving mefloquine, compared with controls
(Samuel and Barry, 1998). CDC concludes that
mefloquine may be considered for prophylaxis
in women who are pregnant or likely to become
so, when exposure to chloroquine-resistant
P. falciparum is unavoidable. Deoxycycline
should not be used. WHO guidelines recommend
chloroquine plus proguanil in cases where the
risk from malaria is low, especially for those in
the first trimester of pregnancy (World Health
Organization, 2001). As there is widespread
resistance to these drugs, it would also be necessary
to carry presumptive therapy, for emergency use if
no medical help is immediately available (quinine).
Primaquine eradication therapy should not be
used in pregnancy because of the rare possibility
of severe haemolytic anaemia if the foetus is G-6-
PD-deficient (Samuel and Barry, 1998). Instead,
weekly prophylaxis can be continued through
pregnancy and then primaquine administered to
the mother after delivery.

The need for diligence in avoidance of
mosquito bites and compliance in taking pro-
phylaxis should be emphasised. The safety of
insect repellents containing DEET in pregnancy
has not been established and therefore low
concentration formulations should be used
sparingly and for short periods.

Malaria Presumptive Treatment

Stand-by treatment regimes (Fansidar™, Malar-
one™, quinine) may be useful in individuals who
will be travelling in remote areas without easy
access to medical assistance. It is important to
advise patients with a febrile illness to seek out
medical care, and self-treatment for malaria
should be viewed as a temporary measure only.
Standby treatment remains controversial because
of concerns about the risk of incorrectly treating
another disease, and the potential toxicity of the
antimalarial drugs. The recent availability of
antigen test kits for falciparum malaria may
enable more rational self-treatment and allay
some of these concerns (Schlagenhauf et al., 1995).
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Vaccine Development

Vaccination against P. falciparum is the interven-
tion that is most likely to reduce malaria-associated
severe morbidity and mortality in infants and
young children in areas with the most intense
transmission and to reduce the risk to non-immune
travellers to endemic areas. The rationale for
developing a malaria vaccine includes prevention
of infection (pre-erythrocytic vaccines), prevention
of disease (blood-stage vaccines) and reduction of
transmission (transmission blocking vaccines)
(Miller and Hoffman, 1998).

Strategies

The general strategy since the cloning of P.
falciparum blood-stage antigens in 1983 (Kemp
et al., 1983) has been to develop subunit vaccines
composed of defined antigens that can be synthe-
sised chemically or by recombinant technology.
As malaria immunity is stage-specific, the main
focus in the development of a subunit vaccine has
been to identify critical target antigens at each
stage of the life-cycle (e.g. Coppel et al., 1984).
This has involved the characterisation of compo-
nents of the parasite that are essential for its
survival or development, as well as a detailed
investigation of the immunological mechanisms
that confer partial protection following natural
infection (Anders et al., 1985). A range of different
vaccine delivery methods has also been developed.
These include malaria antigens linked to strong
T-helper epitopes, synthetic malaria peptides or
recombinant proteins formulated with adjuvant
liposomes (Fries et al., 1992) or other particles,
malarial protein gene sequences incorporated
into live vectors, such as the attenuated vaccinia
virus strain, NYVAC (Tine et al., 1996) and
DNA vaccines (Hoffman et al., 1995).

Pre-erythrocytic (Sporozoite) Vaccines

The discovery that human volunteers inoculated
with irradiated sporozoites were protected for up
to 9 months against infectious challenge (Clyde
et al., 1973) has led to much effort to develop a
pre-erythrocytic vaccine. It is argued that a vaccine

that prevents sporozoites entering, or developing
in, hepatocytes would eliminate infection before
the appearance of clinical disease. Even with less
effective vaccines, it may be expected that there
would be a reduction in the number or parasites
entering the blood from the liver and thereby less
risk of severe disease.

Pre-erythrocytic vaccine development initially
focused on inducing antibodies to the sporozoite
surface. Antibodies directed to the circumspor-
ozoite protein (CSP) repeat [asparagine (N),
alanine (A), Proline (P), NANP] were shown to
neutralize sporozoites in vitro but to give incon-
sistent protection against P. falciparum infection
in vivo (Ballou et al., 1987; Herrington et al.,
1987). It is likely that the failure of the early CSP
vaccine was due to a failure to induce cell-
mediated effector mechanisms, such as cytotoxic
T lymphocytes and cytokine-mediated inhibition
of parasite development. It is encouraging that a
hybrid containing the central repeats and most of
the C-terminus of the PfCSP fused to hepatitis B
surface antigen in a complex adjuvant mixture
(RTS,S-SBAS4) was recently shown to be pro-
tective (Stoute et al, 1998) and is now
undergoing clinical trial in the Gambia.

Blood-stage Vaccines

People in endemic areas develop clinical immu-
nity despite frequent blood-stage infections that
are usually asymptomatic, demonstrating that it
not necessary (and may not be desirable) to
prevent infection in order to prevent disease.
Based on the principle of mimicking immunity
acquired in an endemic area, a blood-stage
vaccine could be designed to reduce or interfere
with parasite replication, and numerous animal
studies have confirmed that immunisation
induces protection that may be more effective
than chronic repeated infections. A vaccine could
also be designed to prevent pathology, rather
than infection. An ‘anti-adhesion’ vaccine could
prevent a key step in pathogenesis, for example,
to prevent malaria in pregnancy that appeared
to be associated with chondroitin sulphate A
binding (Rogerson and Brown, 1997; Reeder ez al.,
1999). An ‘anti-disease’ vaccine could neutralise
key toxins, such as glycosylphophotidylinositol
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(GPI), responsible for pathology (Schofield et al.,
1993) or passively transferred antibody could
potentially neutralise harmful cytokines.

Many candidate vaccine antigens have been
identified and several have been tested in human
trials, the furthest developed being SPf66, identi-
fied by Patarroyo et al. (1987) in Colombia. This
vaccine consists of a 66 amino acid peptide
polymerised and bound to aluminium hydroxide.
The hybrid polymer is a combination of four
peptides (three derived from asexual stage anti-
gens and one from the circumsporozoite protein)
which had been shown to protect Aotus monkeys
from P. falciparum challenge (Patarroyo et al.,
1987). The vaccine was shown to be safe and
protective against P. falciparum malaria in
Columbia (Patarroyo et al., 1987) and had a
protective efficacy of 30% for clinical malaria
attacks in a randomised double-blind placebo-
controlled trial in children aged 1-5 years in
Tanzania (Alonso et al., 1994). However, no
protective efficacy was observed in infants in the
Gambia or in older children in Thailand
(D’Alessandro et al., 1995b; Nosten et al., 1996;
Bojang et al., 1998). Several other candidate
vaccines are progressing to human trials, and
efficacy studies are in the planning stage (Rogers
and Hoffman, 1999).

Merozoite surface protein (MSP)-1 was identi-
fied by monoclonal antibodies and is the major
protein on the merozoite surface. It has been
shown to induce protection in both mice and
monkeys (Holder and Freeman, 1981; Etlinger e?
al., 1991). Also, antibodies against a specific
region of the molecule have been shown to
correlate with protection from clinical episodes
of malaria (Egan et al., 1996).

Recent work identifying GPI of P. falciparum
as a toxin capable of inducing massive cytokine
release (Schofield et al., 1993; Tachado et al.,
1996) provides the basis for a vaccine that could
induce immunity to clinical malaria, thus
mimicking earliest immunity developed by indi-
viduals living in an endemic area.

Transmission Blocking (Gametocyte
Vaccines)

Immunisation of the mammalian host with
gametocyte antigens generates antibodies that

are carried into the mosquito gut, along with
gametocytes. These antibodies then react with
sexual stage antigens and interfere with the
fertilisation process, thus blocking transmission
of malaria (Carter et al., 1984). Experiments in
animals suggest that antibodies to a 25kDa
gametocyte antigen block transmission in mem-
brane feeding experiments (Barr ef al., 1991) and
several other candidates are under consideration.
Even though this type of vaccine would confer no
direct benefit to the individual, it is hoped that it
would reduce the prevalence of malaria in the
community and have a significant effect on
morbidity and mortality (Kaslow, 1997).

DNA Vaccines

DNA immunisation involves the direct introduc-
tion of a plasmid DNA encoding a target
antigen, which is then expressed within cells of
the host and can stimulate an immune response.
This approach will allow a combination of many
DNAs, each encoding different antigens, thereby
broadening the immune response. Animal studies
using genes encoding P. yoelii sporozoite proteins
have so far been encouraging (Doolan et al.,
1998).
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HISTORICAL INTRODUCTION

Infection by the malaria-like protozoan, Babesia,
has been recognized for over 100 years. The first
written reference to babesiosis was probably
made in the Bible (Exodus 9:3), in a description
of a plague which had befallen the cattle of the
Pharoah Rameses Il (Dammin, 1978). Babesio-
sis, also known as piroplasmosis, was considered
a disease of animals, affecting mostly livestock
and other domesticated animals. In 1888, V.
Babes described an intraerythrocytic pathogen,
thought to be a bacterium, in his studies on
febrile hemoglobinuria of Romanian cattle
(Dammin, 1978). Several years later, in 1893,
Smith and Kilbourne provided the first descrip-
tion of an arthropod vector with the
demonstration of the transmission of the proto-
zoan causing Texas cattle fever via a
bloodsucking tick. The first case of human
babesiosis was described by Skrabalo in 1957
(Dammin, 1978). Initial case descriptions were in
splenectomized individuals. However, in 1969,
human babesiosis in a patient with a functioning
spleen was reported from the island of Nantucket
off the coast of Massachusetts (Western et al.,
1970). Since then, over 100 cases of human
babesiosis have been reported. The disease has
been described in the eastern, central and western
regions of the USA and in Europe and Asia
(Garnham, 1980; Quick et al., 1993; Persing et
al., 1995; Herwaldt et al., 1996; Shih et al., 1997).
The rodent strain B. microti has been implicated

in the USA, whereas the cattle strains B.
divergens and B. bovis have been associated
with human disease in Europe (Garnham,
1980). Previously unknown Babesia strains or
Babesia-like organisms infecting humans have
been described recently (Quick er al., 1993;
Persing et al., 1995; Herwaldt et al., 1996; Shih
et al., 1997, Thomford et al., 1994).

DESCRIPTION OF THE ORGANISM

The taxonomy of babesias was recently described
in a review by Telford et al. (1993) as phylum
Apicomplexa, class Aconoidasida, order Piroplas-
midora, family Babesdiidae and genus Babesia. A
listing of the many species and their hosts is
included in the review. However, only a few species
are known to cause disease in humans. The
organisms are intracellular parasites which are
piriform, round or oval, depending upon the
species. B. microti, normally found in rodents,
measures 2.0 x 1.5 um. Of species found in cattle
which infect humans, B. bovis measures
24x1.5pum and B. divergens measures
1.5% 0.4 um. These organisms are frequently mis-
taken for Plasmodium falciparum, one of the agents
that causes malaria, because of their intracellular
ring forms and the peripheral location of the
parasite in the erythrocyte. However, in contrast to
the appearance of the developing intraerythrocytic
Plasmodium, intraerythrocytic Babesia contain no
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Fig. 4.1 (A) Wright-Giemsa stained blood smear of a patient with B. microti. Numerous merozoite ring forms are seen (arrow)
within erythrocytes. The ring forms resemble P. falciparum, but are large, clear and devoid of the brown (hemozoin) pigment seen
with P. falciparum. The absence of gametocytes and schizonts further distinguishes B. microti from P. falciparum. Courtesy of
Philip R. Daoust MD. (B) Wright-Giemsa stained human blood smear. Ring form merozoites are seen (arrows) but one
erythrocyte contains five immature merozoites, characterized by sparse cytoplasm and small nucleus. As these develop, they form
rings. The presence of parasites at different stages is consistent with the asynchronous schizogeny that characterizes babesial
infection. Smear courtesy of Philip R. Daoust MD
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hemoglobin-derived pigment. The appearance of
the tetrad form of B. microti, the result of division
by budding rather than schizogeny, is diagnostic of
babesiosis (Figure 4.1A,B).

PATHOGENESIS

The Tick Vector

Babesiosis, a zoonotic disease, requires transmis-
sion from an animal reservoir to the human host
via a tick vector. The cattle tick Ixodes ricinus, in
its larval form, is the vector for B. divergens
(Donnelly and Peirce, 1975). I. ricinus is widely
distributed across the countryside of the UK.
The prevalence of infection of I. ricinus by B.
divergens is thought to be low, with estimates that
1 in 500 or fewer ticks are infective for cattle
(Donnelly, 1980). The tick Boophilus microplus,
which also feeds upon cattle, is the major vector
of B. bovis (Potgieter et al., 1976; Potgieter and
Els, 1976). Spielman (1976) described studies
identifying the tick Ixodes dammini, the northern
deer tick, as the vector of babesiosis on
Nantucket Island. I. dammini is thought to be
the same as 1. scapularis, which is found in the
southern USA, based on genetic, life-cycle and
mating studies (Oliver et al., 1993; Wesson et al.,
1993), and this name is used here.

Three developmental forms of ticks exist, the
larval, nymph and adult forms. Most information
on the life-cycle of ticks which harbor Babesia
pertains to I. scapularis. The larval and nymph
forms of 1. scapularis feed mainly on Peromyscus
leucopus, the white-footed deer mouse (Healy et
al., 1976), but have also been found on other
hosts, such as rats, other mice, rabbits, deer, dogs
and man (Piesman and Spielman, 1979; Spielman
et al., 1979). The adult forms feed mainly on deer
(Piesman et al., 1979). Interestingly, deer do not
become infected with B. microti. It is thought that
the reintroduction of the deer to Nantucket Island
in the 1930s after decimation of herds due to
hunting, with the subsequent growth of the deer
population, is responsible for the spread of I.
scapularis (Spielman et al., 1985). The tick
requires a blood meal to progress to the next
developmental stage. While feeding on the deer,
the adult female tick becomes impregnated and
produces up to 20000 eggs.

Almost 80% of white-footed deer mice
sampled during a 1976 survey on Nantucket
Island were infected with B. microti. While
feeding on an infected mouse, the tick larvae
become infected with B. microti. The organism is
transmitted from the larval to the nymphal forms
via trans-stadial transmission. There is no
evidence of transovarian transmission of B.
microti by 1. scapularis (Oliveira and Kreier,
1979; Telford et al., 1993). After infection of the
nymphal form, the nymph obtains another blood
meal and, in the process, infects the host. The
host is usually a rodent, although humans also
serve as hosts. Infestation of a human by a nymph
is difficult to detect, since the nymph is small
(1.5-2.5mm in length) (Telford et al., 1993). The
three development forms of 7. scapularis feed on
humans but the nymph is the main vector of
babesiosis. The three forms also feed on deer,
which do not become infected. Thus, deer are an
important link in the life cycle of B. microti, since
they sustain the adult form of the arthropod
vector. A convergence of all three organisms—
deer, mouse and tick—is necessary to create the
conditions favoring the infection of humans, as
incidental hosts, with B. microti. For B. divergens
and B. bovis, the convergence of cattle and ticks
is necessary to create conditions favoring the
infection of humans in Europe (Donnelly, 1980).

Babesia Life-cycle

Most work on the life-cycles of Babesia species
that are known to infect man has been done on
B. microti, which is discussed below. Readers are
referred to reviews for information on the life
cycles of other Babesia species, such as B. equi
and B. canis (Mehlhorn and Shein, 1984).

The tick ingests intraerythrocytic forms of B.
microti when feeding on an infected host. They
are first evident in the tick gut after approxi-
mately 10 hours of feeding (Telford et al., 1993)
(Figure 4.2). A peritrophic membrane forms in
the gut of the feeding tick, dividing the gut into
ecto- and endoperitrophic spaces. The latter
contains the blood meal, including intact
erythrocytes containing B. microti (Rudzinska
et al., 1983). After hours of residence in the
endoperitrophic space, organelles appear within
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Fig. 4.2 The life-cycle of Babesia microti

B. microti. These organelles are thought to be
gametes, which emerge from the erythrocyte and
fuse to form a zygote 14-18 hours after repletion
of the feeding tick (Rudzinska et al., 1982). The
zygotes possess a unique structure shaped like an
arrowhead and possibly containing proteolytic
enzymes. The arrowhead structure is required for
the passage of B. microti through the peritrophic
membrane and into the ectoperitrophic space.
The arrowhead structure of the invading organ-
ism contacts the epithelial cell of the tick gut. At
the point of contact, the membrane of the host
cell invaginates and eventually encircles the
parasite, resulting in its endocytosis. Once within
the host cell, B. microti is covered by its own
plasma membrane as the host cell membrane
appears to disintegrate. The arrowhead structure
is no longer present (Rudzinska et al., 1983). The
zygote is translocated to the basal lamina of the
host cell and enters the hemolymph, at which
point an ookinete stage is achieved. Ookinetes
invade cells of the salivary gland of the tick prior
to feeding of the nymphal form and undergo
hypertrophy to form sporoblasts (Karakashian

et al., 1983). The sporoblasts are dormant and
are thought to remain so throughout the
winter. Temperature elevation, through contact
of the tick with a mammalian host and feeding
of the nymph, stimulates the development of
B. microti (Karakashian et al., 1983; Telford et
al., 1993). Within the host cell, a large mesh-
work is formed by the sporoblast.
Approximately 44-65 hours after attachment
of the tick to a mammalian host, sporozoites
form from within the meshwork and mature
through simultaneous nuclear and cytoplasmic
division. The mature sporozoites separate from
the sporoblast through a process of budding,
forming organisms which are 2.2x0.8um in
size (Karakashian et al., 1983). During the
final hours of attachment of the tick to the
host, thousands of sporozoites are deposited
into the skin.

The direct invasion of sporozoites into mam-
malian host erythrocytes has not been
demonstrated for B. microti and the process by
which sporozoites transform into merozoites is
not understood (Telford et al., 1993). However,
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for B. equi, sporozoites directly invade lympho-
cytes and transform into merozoites, which then
leave the lymphocyte and invade the erythrocyte.
The existence of lymphocyte invasion by B.
microti is controversial (Mehlhorn and Shein,
1984; Telford et al., 1993).

The role of complement in the invasion of
erythrocytes by B. microti is uncertain. However,
there is evidence that an intact host alternative
complement pathway and an erythrocyte C3b
receptor is necessary for the penetration of rat
erythrocytes by B. rodhaini (Jack and Ward, 1980).
In the presence of the parasite, complement is
activated and C3b is fixed to the surface of the
merozoite. Presumably, the fixed C3b binds to the
C3 receptor on the erythrocyte surface. In addition,
erythrocytes bearing surface C3 are also infected.
These data suggest that complement-mediated
changes of the erythrocyte and/or the B. rhodaini
merozoite facilitate the process of invasion.

The merozoite enters the mammalian erythro-
cyte through invagination of the host cell
membrane. The anterior end of the merozoite,
which contains complex apical organelles,
attaches to the erythrocyte membrane, which
invaginates and then encompasses the merozoite.
A parasitophorous vacuole is formed, composed
of two membranes, one derived from the host cell
and one derived from the merozoite and contain-
ing the developing trophozoite. The host cell
membrane disintegrates, leaving B. microti free
within the host cell cytoplasm. This is an
important difference from the life cycle of
Plasmodium species (Telford et al., 1993).

Within the erythrocytes, maturing tropho-
zoites develop organelles, such as polar rings
and double membrane segments. Some of these
segments represent bud precursors. Via asyn-
chronous budding, two to four merozoites are
formed. The rare but diagnostic tetramere seen
with light microscopy of erythrocytes parasitized
by B. microti is a representation of four
merozoites within the parental Babesia (Figure
4.1). Thus, schizogony does not occur (Telford et
al., 1993). The erythrocyte membrane is
damaged, with perforations, protrusions and
inclusions, as the merozoites leave the cell,
ultimately resulting in hemolysis (Sun et al.,
1983). Because there is no synchronous schiz-
ogony, as with Plasmodium species, massive
hemolysis does not occur.

Mechanisms of Injury

There are three identified mechanisms by which
infection with Babesia species causes injury to the
host: hemolysis and resultant anemia; increased
cytoadherence of erythrocytes within the vascu-
lature; and the release of harmful mediators. In
studies of hamsters infected with B. microti,
intravascular and extravascular  hemolysis
ensues, often resulting in profound anemia
(Lykins et al., 1975; Cullen and Levine, 1987;
Dao and Eberhard, 1996; Wozniak et al., 1996).
In a morphological study of erythrocytes from an
asplenic human infected with B. microti, exten-
sive damage to erythrocyte membranes was
observed (Sun et al., 1983). Such damage could
theoretically result in intravascular hemolysis, as
well as retention in the spleen of the deformed
and potentially more rigid erythrocytes, resulting
in clearance of infected erythrocytes, as is
thought to occur in malaria (Looareesuwan et
al., 1987). It has been suggested that anti-
erythrocyte membrane antibodies are produced
during Babesia infection and that the resultant
anemia might be due to a humoral mechanism
(Adachi et al., 1992, 1994).

Vascular lesions characterized by the accumu-
lation of erythrocytes within blood vessels as a
result of Babesia infection have been described by
some but not all investigators. The brains of B.
bovis-infected cattle were found to contain
capillaries packed with erythrocytes. The ery-
throcytes contained knob-like projections which
formed the point of attachment to endothelial
cells, in a manner reminiscent of the attachment
of erythrocytes to endothelial cells in cerebral
malaria (Aikawa et al., 1992). Earlier studies had
demonstrated the isolation and characterization
of a cryofibrinogen complex in the plasma of B.
bovis-infected cattle. It was postulated that the
complex facilitated the sludging of erythrocytes
within visceral blood vessels (Goodger et al.,
1978). A newly identified strain of Babesia, strain
WA-1, recently isolated from a patient in
Washington State, was noted to cause profound
intravascular stasis within several organs in
infected hamsters (Dao and Eberhard, 1996).
Aggregates of inflammatory cells occluded blood
vessels. Thrombosis and coagulation necrosis
were described. In contrast, no vascular lesions
were detected in hamsters in the same and other
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studies infected with B. microti (Cullen and
Levine, 1987; Wozniak et al., 1996). In summary,
it appears that host injury in Babesia infection
might be mediated through vascular occlusion,
perhaps via mechanisms similar to those
observed in malaria.

Host soluble mediators have been implicated
in the injury resulting from Babesia infection.
Clark postulated that endotoxin was involved in
injury and death during babesiosis and acute
malaria (Clark, 1978). He noted that babesiosis
has effects similar to ‘endotoxin shock’. Since
these studies have been performed, it has become
clear that much of endotoxin shock is mediated
by the release of cytokines (Dinarello et al.,
1993). It is possible that Babesia also elicits the
production of cytokines by host cells and that
cytokines might be responsible for some of the
observed injury, in much the same manner as
postulated for malaria (Harpaz et al., 1992;
Urquhart, 1994). Other potential mediators of
injury in Babesia infection have been postulated,
including oxygen-derived free radicals (Clark et
al., 1986).

IMMUNOLOGY

The encounter between Babesia organisms and
the host results in several immune responses. The
finding of potentially protective immune
responses against Babesia has led to a search
for a suitable vaccine, particularly against B.
bovis.

Immunoglobulin production is induced during
Babesia infection. There is a non-specific B cell
response after infection, resulting in a marked
polyclonal hypergammaglobulinemia, in humans
acutely infected with B. microti (Benach et al.,
1982). Additionally, specific antibody production
directed against Babesia antigens has been well
documented. An early indication of antibody
production was the demonstration of passive
protection of mice from B. rodhaini infection
with immune serum (Abdalla et al., 1978;
Meeusen et al., 1984). After experimental infec-
tion of calves with B. bigemina, specific IgG and
IgM appeared at 7 days. Whereas IgM titers
declined by 4 weeks after infection, IgG titers
remained elevated after 7 weeks (O’Donoghue

et al., 1985). In studies of hamsters infected with
B. microti, specific antibody was detected 2 weeks
after infection. The peak antibody response was
correlated temporally with a fall in parasitema
(Hu et al., 1996).

Humoral Immunity

Antibody production appears to be protective
during infection with Babesia. A study of B.
bovis-infected cattle demonstrated that those
animals which did not produce a serologic
response to the parasite died after primary or
secondary challenge. All cattle that mounted a
serological response survived primary and sec-
ondary challenges with B. bovis (Goft et al.,
1982). IgG titers produced during an anamnestic
response to B. microti in a mouse model
correlated well with protection against infection
(Meeusen et al., 1985).

In contrast, in a study of adoptive transfer of
immunity to B. rodhaini in mice, protection from
challenge by the parasite was maintained despite
irradiation of the adoptively transferred cells at a
radiation dose which would be expected to
suppress antibody production. This led the
investigators to suggest that antibody production
is of minor if any importance in protecting
against B. rodhaini infection (Zivkovic et al.,
1984).

Studies with monoclonal antibodies have
identified Babesia antigens that are important
for successful infection. Winger et al. (1987)
developed a monoclonal antibody to a 50—
60kDa protein from B. divergens merozoites;
the presence of the antibody in cultures pre-
vented the invasion of bovine erythrocytes by B.
divergens. Immunization of gerbils with the
antigen provided partial immunity when the
animals were later challenged with parasitized
erythrocytes. Those animals which survived were
found to have a strong serological response to the
50-60kDa antigen (Winger et al., 1989). In
similar studies, monoclonal antibodies to a
17kDa antigen isolated from B. divergens
inhibited parasite growth in vitro (Precigout et
al., 1993). The same group later demonstrated
that a 37kDa glycoprotein present on the
membrane of B. divergens merozoites induced a
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strong antibody response, which was felt to be
protective (Carcy et al., 1995). These and other
antigens from Babesia that might be important in
successful infection of erythrocytes have not been
identified, nor has their function been elucidated.
Antigenic variation of Babesia-derived compo-
nents has been observed, which can only
complicate the study of important structures on
the surface of Babesia and infected erythrocytes
(Allred et al., 1994).

Phagocytosis

Phagocytosis of Babesia as a means of immune
protection has been studied. Phagocytosis of B.
bovis-infected erythrocytes and of cell-free para-
sites occurred in the presence of antibody raised
against a particular fraction of the parasite.
However, in the presence of immune serum,
phagocytosis did not occur (Jacobson et al.,
1993). In another study, phagocytosis of B.
rodhaini-infected erythrocytes or cell-free forms
occurred in the presence of hyperimmune serum.
Phagocytosis was not enhanced and perhaps was
reduced in the presence of complement (Parrodi
et al., 1991). Both studies suggest that phagocy-
tosis of opsonized erythrocytes and parasites
might be an important means of immune
protection during Babesia infection.

Cell-mediated Immunity

T lymphocyte responses also appear to be
important in the development of immunity to
Babesia infection, although the topic has not been
thoroughly examined. Mice depleted of T lym-
phocytes and infected with B. microti displayed
higher parasitemias than control mice. The nat-
ural degree of resistance could be restored by
reconstitution of the T lymphocyte-depleted mice
by transfer of B lymphocyte-depleted spleen cells
(Ruebush and Hanson, 1980). In a murine model,
depletion of T lymphocytes with a cytotoxic/
suppressor phenotype resulted in increased resis-
tance to B. microti infection, whereas depletion of
CD4* T lymphocytes resulted in increased
susceptibility to infection. The converse was true
for B. rodhaini infection (Shimada et al., 1996),

suggesting that cellular immunity to Babesia
infections is complex. The results of other studies
suggest that antibody-independent, T lympho-
cyte-mediated mechanisms are important in the
resolution of acute infection of mice with B. microti
(Cavacini et al., 1990).

Further studies of the T lymphocyte response
to Babesia antigens have been conducted
recently. A 77kDa protein, isolated from
B. bovis produced during natural infection in
cattle and thought to be an apical complex-
associated protein, was cloned. The recombinant
protein elicited the proliferation of CD4* and
CD8* T lymphocyte cell lines (Tetzlaff et al.,
1992). Two epitopes capable of stimulating
CD4* T lymphocyte clones were identified. The
epitopes from the B. bovis-derived protein
appeared to preferentially stimulate the Thl
subset of CD4" T lymphocytes (Brown et al.,
1993). Studies on v/ T lymphocyte lines suggested
that these cells might be important in modulating
the CD4% T lymphocyte response to Babesia
antigens (Brown et al., 1994). Subsequent studies
have identified five different antigenic groups of B.
bovis merozoite proteins which stimulate prolif-
eration of Th clones. The authors suggest that
these antigens are potentially useful for the
construction of a vaccine (Brown et al., 1995).

EPIDEMIOLOGY

Human infections with Babesia, particularly B.
microti, are no longer a novelty. Well over 100
cases of human babesiosis have been reported,
with new reports arising frequently (Dammin et
al., 1981; Herwaldt et al., 1995; Falagas and
Klempner, 1996; Herwaldt et al., 1997). Human
infections with Babesia species have been docu-
mented from several continents. In Europe,
reports of infection, usually with B. divergens,
have come from the former Yugoslavia, France,
Russia, Ireland, Scotland, Sweden and the
Canary Islands (Dammin et al., 1981; Uhnoo et
al., 1992; Olmeda et al., 1997). Most European
cases have occurred in splenectomized indivi-
duals. Additionally, several cases of babesiosis in
Asia, Central America and South Africa have
been reported (Dammin et al., 1981; Li and
Meng, 1984; Bush et al., 1990; Shih et al., 1997).
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Most human cases of babesiosis have been
reported from the USA, particularly from the
north eastern part of the country (Dammin et al.,
1981). B. microti is responsible for almost all of
the American cases. However, recent reports
document infection by newly identified species of
Babesia in California, Missouri and Washington
State (Quick er al., 1993; Persing et al., 1995;
Herwaldt et al., 1996). The emergence of human
babesiosis in the USA, where most epidemiologic
studies have been conducted, appears to be
related to the increase in the deer population
(Spielman, 1994).

Several serological surveys have demonstrated
that infection with Babesia is more widespread
than case reports would indicate, suggesting that
most human babesiosis caused by this organism
is subclinical. Over half of 173 men from a north-
western region of Nigeria were infected by
Babesia species. Similar results were obtained in
a study of persons residing in Mozambique. This
has led some to suggest that so-called drug-
resistant malaria might actually represent mis-
diagnosed babesiosis (Telford er al., 1993).

Similar results have been obtained in the USA.
In a survey of persons at high risk for infection in
New York State, 4.4% were seropositive in June,
whereas 6.9% were seropositive in October,
resulting in a seroconversion rate of 5.9%
(Filstein et al., 1980). None were symptomatic.
In a survey of sera from 779 blood donations on
Cape Cod, 3.7% of persons had positive B.
microti antibodies (Popovsky et al., 1988). Chil-
dren are as likely as adults to be infected with
Babesia without a formal diagnosis of babesiosis
being made (Krause et al., 1992).

A group with an increased likelihood of
seropositivity for B. microti consists of persons
with a history of infection by Borrelia burgdor-
feri, the causative agent of Lyme disease. Positive
B. microti serologies have been found in 9.5-66%
of persons with positive serologies for Borrelia
burgdorferi (Benach et al., 1985; Krause et al.,
1991, 1992, 1996¢). Similar findings occur in
children (Krause et al., 1992). The explanation
for this is the transmission of both agents by the
same vector, I. scapularis. Co-infection with
Ehrlichia, which is also transmitted by I. scapu-
laris, has been documented in persons infected
with Babesia and/or Borrelia (Magnarelli et al.,
1995; Mitchell et al., 1996). The phenomenon of

co-infection might be more than a mere curiosity,
since there is evidence that persons co-infected
with Borrelia burdorferi and Babesia microti
exhibit more severe and prolonged symptoms
(Krause et al., 1996c).

Although transmission of human babesiosis
occurs in most cases through a tick bite, there are
other modes of transmission. Infectious parasites
have been retrieved from B. microti-infected
blood stored at 4°C for up to 21 days, under
conditions which are replicated during blood
banking (Eberhard ez al., 1995). Not surprisingly,
acquisition of babesiosis through blood transfu-
sion has been well documented. Almost all
reports have concerned the transmission of
B. microti (Wittner et al., 1982; Marcus et al.,
1982; Gordon et al., 1984; Rosner et al., 1984;
Mintz et al., 1991; Anderson et al, 1991).
However, there is a recent case report of
transmission of the WA1-type parasite by trans-
fusion in Washington State in the USA
(Herwaldt et al., 1997). A comparison between
B. microti-seronegative and -seropositive blood
donors in Massachusetts identified no differences
that would enable the identification of high-risk
donors (Popovsky et al., 1988). Despite this, the
risk of acquiring babesiosis from a blood
transfusion obtained from a donor residing in
an endemic area is very low (Gerber ef al., 1994).

Another, less well-documented mode of trans-
mission of babesiosis is vertical transmission.
This has been documented in humans and cattle
(Esernio-Jenssen et al., 1987; New et al., 1997; De
Vos et al., 1976). There is no data on the efficiency
of transmission. However, there is a report of a
woman who became infected with Babesia during
the fifth month of pregnancy. Her illness resolved
without chemotherapy and the fetus had no
evidence of infection (Raucher et al., 1984).

A final mode of transmission, which has been
documented only experimentally, is the oral
route in a mouse model (Malagon and Tapia,
1994).

CLINICAL FEATURES

European and North American cases of human
babesiosis differ markedly in clinical manifesta-
tions. Most cases (84%) in Europe have occurred



BABESIOSIS 107

in splenectomized individuals, where the infecting
organism is usually bovine Babesia species,
particularly B. bovis and B. divergens (Telford
et al., 1993). Of the 19 cases reviewed by Telford,
over half died. Mortality among splenectomized
individuals was over 70% (Rosner et al., 1984).
The infection is fulminant, with sudden onset
accompanied by hemoglobinuria, jaundice and
fever. Renal failure is a common complication.
This is usually due to intravascular hemolysis,
which can be severe. The susceptibility of
splenectomized individuals to Babesia species
has been observed in experimentally splenecto-
mized chimpanzees, which developed severe
infection after inoculation. In comparison, non-
splenectomized chimpanzees were resistant to
infection (Garnham and Bray, 1959).

Human babesiosis in North America is usually
caused by the rodent strain, B. microti (Dammin
et al., 1981). The infection is frequently sub-
clinical (Ruebush et al., 1977b; Filstein et al.,
1980; Popovsky et al., 1988; Krause et al., 1992)
and symptomatic disease is usually less severe
than the European form (Ruebush et al., 1977b;
Ruebush, 1980), including in splenectomized
individuals (Teutsch et al., 1980). The incubation
period is usually 1-3 weeks, although periods as
long as 6 weeks have been observed (Ruebush et
al., 1981). Most patients do not recall a tick bite,
most likely because of the small size (2mm) of
the engorged nymph (Benach and Habicht,
1981). Approximately 70% of patients infected
with B. microti have intact spleens. Almost all of
the over 120 patients with babesiosis due to B.
microti have survived (Dammin et al., 1981).
Those individuals with intact spleens who have
developed clinical illness usually have been 50
years of age or older, suggesting that age is a risk
factor for more severe disease (Benach and
Habicht, 1981). Patients with splenectomies
who have contracted babesiosis tend to be
younger than previously healthy persons who
develop the infection (48 years and over 60 years
of age, respectively; Benach and Habicht, 1981).

Clinical manifestations of B. microti infection
are non-specific and of gradual onset. Fever is
frequent, may reach levels of 40°C, and may be
sustained or intermittent (Gombert et al., 1982).
Common are malaise, fatigue, anorexia, rigors,
headache, myalgias, arthralgias, nausea, vomit-
ing, abdominal pain and dark urine (Anderson

et al., 1974; Parry et al., 1977, Scharfman and
Taft, 1977; Ruebush et al., 1977a; Sun et al.,
1983; Golightly et al., 1989; Anonymous, 1993).
Other symptoms include photophobia, conjunc-
tival injection, sore throat, depression, emotional
lability and cough.

Physical findings in addition to fever are few, if
any. Splenomegaly is probably the most common
finding (Ruebush et al., 1977a). Hepatomegaly
also occurs (Iacopino and Earnhart, 1990). Skin
changes have been noted and include splinter
hemorrhages, petechiae, ecchymoses, purpura
and palor (Scharfman and Taft, 1977, Gombert
et al., 1982; Sun et al., 1983). In addition, a rash
resembling erythema chronicum migrans (ECM)
has been observed, but this most likely represents
patients with intercurrent Lyme disease. Other
findings include icteric sclerae and jaundice
(Parry et al., 1977; lacopino and Earnhart,
1990). Lymphadenopathy has not been noted.

Occasional patients may become critically ill
when infected with B. microti (Iacopino and
Earnhart, 1990; Herwaldt et al., 1995; Boustani
et al., 1994). In one series, hospital stay for 17
patients averaged 19 days, with the duration of
convalescence lasting up to 18 months (Benach
and Habicht, 1981). Adult respiratory distress
syndrome (ARDS) is a complication of babesio-
sis (Horowitz et al., 1994). At our institution,
three patients with babesiosis and shock, and two
with ARDS, were cared for in a 14 month time
period (Boustani er al., 1994). Fatalities,
although unusual, have occurred.

Hemolytic anemia, occasionally severe, is
common, as are associated findings of decreased
haptoglobin and increased reticulocyte count
(Scharfman and Taft, 1977). The leukocyte
count may be normal or somewhat decreased
(Ruebush et al., 1977a). Thrombocytopenia is
common, observed in two-thirds of patients in
one series (Gombert et al., 1982). The erythrocyte
sedimentation rate can be elevated and the direct
Coombs test can react positively. Renal function
can be disturbed, as manifested by hemoglobi-
nuria, proteinuria, and elevated blood urea
nitrogen and creatinine (Ruebush et al., 1977a;
Teutsch er al., 1980; Iacopino and Earnhart,
1990). Elevations of bilirubin, alkaline phospha-
tase, serum aspartate aminotransferase, serum
alanine aminotransferase and lactic dehydrogen-
ase have been observed (Ruebush et al., 1977a;
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Iacopino and Earnhart, 1990). In a few cases
where bone marrow examination has been
performed, hemophagocytosis has been noted
(Auerbach et al., 1986; Gupta et al., 1995),
although it is not invariably present (Ruebush et
al., 1977a; Scharfman and Taft, 1977).

Severe infections with newly identified Babesia
organisms have occurred in the USA. In
Washington State, the WA strain of Babesia
was identified from a man with an intact spleen
who suffered moderately severe disease (Quick et
al., 1993). Subsequently, four asplenic patients
from Northern California were infected with a
similar, if not identical, organism and suffered
severe disease, with two fatalities (Persing et al.,
1995). The infecting organism was more closely
related to the canine strain, B. gibsoni, than to B.
microti. Finally, a fatal infection with an organ-
ism closely related to B. divergens occurred in a
73 year-old asplenic man in the state of Missouri
(Herwaldt et al., 1996).

Certain groups of patients might be at more
risk for severe disease. There is some evidence
that those with concurrent Lyme disease and
babesiosis have more severe and prolonged
symptomatology (Krause et al., 1996¢). Thus,
intercurrent Lyme disease should be investigated
in any patient with known or suspected babe-
siosis. Advanced age might be a risk factor for
more severe disease (Benach and Habicht, 1981).
Underlying medical illness, including splenect-
omy, might predispose to severe disecase (Benach
and Habicht, 1981). One underlying illness, HIV
infection, is associated with severe B. microti
infections, which can be prolonged and chronic
(Benezra et al., 1987; Ong et al., 1990; Falagas
and Klempner, 1996).

LABORATORY DIAGNOSIS

The usual method in diagnosing babesiosis is by
microscopic examination of Giemsa- or Wright-
stained thick and thin smears of the blood. Most
studies have been in reports of humans infected
with B. microti. However, differentiation between
species on morphologic grounds is unreliable
(Hoare, 1980). Usually 1-10% of erythrocytes
are parasitized in patients with clinical disease.
However, the range is from less than 1-85%

(Gombert et al., 1982). More than one ring form
can be present in an individual erythrocyte
(Telford et al., 1993). The ring forms of
Plasmodium falciparum are very similar to the
predominant forms of Babesia seen within the
erythrocyte, making differentiation difficult. The
babesial forms can have one or more chromatin
masses or dots. In heavy infestation, trophozoites
can be seen outside erythrocytes. There are
several morphological features that enable dis-
tinction between Babesia and P. falciparum: (a)
older stages of P. falciparum contain hemozoin,
which is brownish pigment deposits not found in
babesial forms (Dammin, 1978); (b) Babesia
forms lack the synchronous stages, schizonts
and gametocytes, found with Plasmodium spe-
cies; (c) a rare but pathognomonic feature of
Babesia infection is the presence of tetrads of
merozoites (Figure 4.1), which are not present in
malaria (Dammin, 1978; Healy and Ruebush,
1980); (d) in Babesia infection, larger ring forms
can contain a central white vacuole, which is not
present in malaria (Garnham, 1980).

Serologic testing for B. divergens is not useful
for the diagnosis of acute infection. This is due to
the detection of antibody approximately 1 week
after the onset of illness. However, testing may be
useful for identification of B. divergens as the
infecting species (Telford ez al., 1993). Serological
testing for B. microti utilizing an indirect immu-
nofluorescence test (Chisholm e al., 1986; Krause
et al., 1994) is available though the Centers for
Disease Control and Prevention. Cross-reaction
among species of Babesia, as well as among
species of Plasmodium, occur (Chisholm et al.,
1986). Usually, persons with active infection have
titers of 1:1024 or greater, which fall over time to
1:256 or less. A titer of 1:256 is diagnostic of B.
microti infection. Titers of 1:32 or greater are
indicative of past infection. Some consider a titer
as low as 1:16 as positive (Krause et al., 1991). An
immunoglobulin M indirect immunofluorescent
antibody test was found useful for the rapid
diagnosis of acute babesiosis in a research setting
(Krause et al., 1996a).

Diagnosis by polymerase chain reaction holds
promise as a sensitive and specific method for the
diagnosis of B. microti (Persing et al., 1992,
Krause et al., 1996b).

Confirmation of infection can be made by
inoculation of the suspect blood into surrogate
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hosts. For B. divergens, oxen or, more conveni-
ently, gerbils, can be used. After inoculation of
gerbils, rapidly progressive infection and death
ensues within 3-6 days (Telford et al., 1993).
Suspected B. microti infection can be confirmed
by the intraperitoneal inoculation of 1.0ml
EDTA-whole blood into golden hamsters.

CLINICAL MANAGEMENT

European babesiosis, particularly disease caused
by B. divergens, is a potentially explosive disease,
especially in splenectomized individuals. Thus,
supportive measures and specific antiparasitic
treatment should be instituted rapidly. Most
sources recommend treatment with quinine
(650mg administered orally three times/day)
and clindamycin (600 mg intravenously adminis-
tered three to four times/day) for 7-10 days,
often with erythrocyte exchange transfusion as
adjunctive therapy (Rosner et al., 1984; Uhnoo et
al., 1992; Telford et al., 1993). Pentamidine and
cotrimoxazole were used to successfully treat one
patient with babesiosis due to B. divergens
(Raoult et al., 1987). Ineffective therapies of
European babesiosis have included chloroquine
alone (Telford et al., 1993), pentamidine (Clarke
et al., 1989), quinine followed by chloroquine
and Daraprim, with exchange transfusion (Wil-
liams, 1980), and Beneril (diminazene aceturate)
(Dammin, 1978).

Atovaquone, a hydroxynaphthoquinone most
frequently used in the treatment of Toxoplasma
encephalitis in AIDS patients, is a promising
agent for the treatment of babesiosis. In in vitro
and in vivo studies of B. divergens, atovaquone
was more effective than imidocarb, which is
routinely used for the treatment of bovine
babesiosis and occasionally used for the treat-
ment of European babesiosis (Pudney and Gray,
1997). In this study, severe infection of gerbils
was adequately treated with as little as 1 mg/kg
body weight of atovaquone. Atovaquone
(750mg every 12 hours) and azithromycin
(500mg on day one, then 250mg daily there-
after) together may be as effective and less toxic
(Krause et al., 1997).

Novel approaches to the treatment of Euro-
pean babesiosis currently under study include the

use of the 3-hydroxy-3-methylglutaryl coenzyme
A reductase inhibitors, lovastatin and simva-
statin, which inhibit the intraerythrocytic
development of B. divergens (Grellier et al.,
1994) and the use of the lipophilic folate
analogues, piritrexam and trimetrexate, which
inhibited the growth of B. bovis in vitro (Nott and
Bagnara, 1993).

Most patients infected with B. microti develop
mild or subclinical illness and recover without
specific therapy. In severely ill patients, clinda-
mycin (300-600 mg intravenously every 6 hours)
and oral quinine (25mg/kg/day in children,
650mg every 6-8 hours) for 7-10 days appear
effective (Wittner et al., 1982; Centers for Disease
Control, 1983). Failure of this regimen has
occurred (Smith et al., 1986). Other promising
agents include atovaquone or azithromycin,
either alone or in combination, including with
quinine, which were successful in treating B.
microti infection in hamsters (Weiss et al., 1993;
Hughes and Oz, 1995; Krause et al., 1997).

Chloroquine is ineffective in the treatment of
B. microti infection (Miller et al., 1978). Penta-
midine therapy of three patients with intact
spleens resulted in clinical improvement but was
not curative (Francioli et al., 1981). Other agents
that have been of no or questionable value in the
treatment of human B. microti infection include
quinacrine, primaquine, pyrimethamine, pyri-
methamine-sulfadoxine, sulfadiazine and
tetracycline. Diminazene aceturate was effective
in one patient, who later developed the Guillain—
Barré syndrome (Centers for Disease Control,
1983).

Erythrocyte exchange transfusions are useful
in severely ill patients with high levels of
parasitemia and hemolysis (Jacoby et al., 1980;
Cahill et al., 1981; Machtinger et al., 1993).
When used in conjunction with chemotherapy,
the level of parasitemia is reduced. In addition,
toxic factors produced by the parasites or of host
origin might be removed.

Persons infected with B. microti should receive
therapy for early infection with Borrelia burg-
dorferi because of the well-documented co-
transmission of these two pathogens by I
scapularis (Benach et al., 1985; Krause et al.,
1996¢). Effective regimens include doxycycline,
100mg b.i.d.; amoxicillin, 500 mgq.i.d. (50mg/
kg/day in children); or cefuroxime axetil, 500 mg



110 PRINCIPLES AND PRACTICE OF CLINICAL PARASITOLOGY

b.i.d. Unless there is evidence of disseminated
Lyme disease, a 10 day course should be
sufficient (Steere, 1995).

PREVENTION AND CONTROL

Prevention of human babesiosis relies upon
avoidance of exposure to the tick vectors. For 1.
scapularis, the months of May—September repre-
sent the times of greatest activity. In endemic
areas, avoidance of grassy areas and brush is
advisable. Splenectomized individuals and those
who are immunocompromised in other ways
should avoid areas of endemicity during times of
high tick activity. Clothing should cover the body,
especially the lower portion, through wearing
long-sleeved shirts and long pants with socks.
Tucking pant legs into socks is effective in
preventing ticks from crawling up the legs. Ticks
are more obvious if light-colored clothing is worn.
Insect repellents such as diethyltoluamide (DEET)
applied to the skin or clothing, or permethrin
applied to clothing only, might be -effective.
Children and pets should be carefully inspected
for ticks. If a tick is found, it should be removed
expediently. The tick is grasped below the mouth
at the site of attachment to the skin with forceps
or tweezers and pulled off steadily. Vaccines
against human babesiosis are not available.
Although transfusion-associated babesiosis is
rare, this form of transmission can potentially be
reduced by discouraging blood donors from
endemic areas during times of the year character-
ized by increased tick activity. Donors with fever
within 2 months prior to donation should be
avoided. One promising approach to preventing
transfusion-associated babesiosis is photosensiti-
zation, using lipophilic pheophorbide and red light
illumination. This strategy eliminated B. divergens-
infected erythrocytes from whole blood (Grellier et
al., 1997). Screening of blood for babesiosis is
unlikely to be adopted, so the possibility of
transfusion-associated babesiosis will remain.
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INTRODUCTION

Toxoplasma gondii is a complex eukaryotic
parasite that appears to have all the cellular
machinery required for independent life but that
has adopted an obligate intracellular existence. It
can infect and grow within many cell types of a
wide range of animal species. T. gondii causes a
broad spectrum of disease in the various species
it infects, including humans; however, most
infections are asymptomatic. The parasite
actively penetrates host cells, sets up a privileged
compartment in which it replicates and finally
kills the cell. A coordinated host cell-mediated
immune response is required to control the acute
infection and maintain suppression of the long-
lived cysts, which may persist for the life of the
host. The ability of 7. gondii to infect many
animal species and its worldwide distribution set
it apart from other members of the phylum
Apicomplexa, which typically are strictly host-
specific and geographically constrained. T. gondii
is found on all continents, with only a few
isolated islands apparently free of this successful
parasite. The ability to infect birds, domestic
animals and people by several possible routes,
and the wide distribution of the parasite, are the
likely causes of a high prevalence of infection in
humans. Up to one-third of the world’s popula-
tion has evidence of exposure to and chronic
infection with 7. gondii. Symptomatic disease is
unusual except in those with severe immunocom-
promise and in infants with congenital infection.

In the agricultural sector, toxoplasmosis causes
an economically important incidence of fetal loss
among domesticated animals such as goats,
sheep and pigs.

HISTORY

Investigators on two continents first described 7.
gondii in 1908. Nicolle and Manceaux, at the
Institut Pasteur in Tunis, identified and named
the parasite in a cricitine rodent, the North
African gondi (Ctenodactylus gundi), native to
the mountains of southern Tunisia, and main-
tained in their laboratory (Nicolle and
Manceaux, 1908, 1909). Splendore, in Brazil,
noted identical forms in a laboratory rabbit
(Splendore, 1908, 1909). Appreciation of the
spectrum of disease that the parasite can cause
came slowly. Wolf and Cowen (1937) at Colum-
bia University identified the parasite in central
nervous system lesions in infants that had been
diagnosed with meningoencephalitis. Under-
standing of the role of chronic infection came
with the identification by Wilder (1952) of
Toxoplasma in necrotic lesions of the retina of
eyes previously thought to have been involved
with tuberculosis or syphilis. The high prevalence
of the infection in various populations was
first shown by the serological test developed by
Sabin and Feldman (1948), which relied on the
ability of human serum to induce leakage of
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extracellular dye into live tachyzoites in the
presence of complement. The recognition of
congenital toxoplasmosis in infants came before
either generalized disease in adults or the
lymphadenitis of primary Toxoplasma infections
in adults was appreciated (Wolf and Cowen,
1937). The role of reactivation of latent infections
in the production of disease in immunosup-
pressed adults was recognized at the outset of
solid organ transplantation (Ruskin and
Remington, 1976). In the early 1980s, central
nervous system reactivation with multifocal
encephalitis became a major presentation of
disease in patients with AIDS (Luft et al., 1983a).

DESCRIPTION OF THE ORGANISM

Classification

The parasite is a member of the phylum
Apicomplexa, class Sporozoa, subclass Coccidia,
order Eucoccidia and suborder Eimeria (Levine
et al., 1980). It is therefore related to malaria and
a large number of coccidians that generally infect
birds and mammals. The parasite was recognized
as a coccidian only in 1969, when four labora-
tories independently established the sexual cycle
(Frenkel, 1970; Frenkel et al., 1970). Traditional
classification schemes have relied on morpholo-
gical comparisons of the various life stages, most
importantly the sexual stages. By these criteria,
T. gondii closely resembles Isospora spp. and
Sarcocystis spp. and, although it has been argued
that the organism name should be changed, it
continues to be validly named as T. gondii. More
recently, molecular genetic techniques have
shown that T. gondii is a single species related
to Isospora, Sarcocystis, Frenkelia and Hammon-
dia but most closely related to Neospora caninum
(Guo and Johnson, 1995).

Molecular analysis of genes of 7. gondii
indicates that some genetic elements of the
parasite may derive from a member of the
green algae (Fichera and Roos, 1997; Stokker-
mans et al., 1996). This situation may have arisen
by an incorporation of algal DNA by endosym-
biosis, and may be of importance in development
of novel drug targets that take advantage of
differences between ‘plant-like’ and mammalian
gene characteristics. A membrane-bound, plastid-

like structure, the apicoplast, contains a 35kb
circular genome and can be specifically inhibited
by ciprofloxacin, clindamycin and macrolide
antibiotics, which block parasite replication in a
peculiar delayed fashion. The target of these
drugs is likely protein synthesis in the apicoplast.
Plastid replication is immediately affected, but
overall parasite growth is maintained until the
second or third parasite replication cycle (Fichera
and Roos, 1997). Many of the plastid genes have
been transferred to the nucleus and may explain
the plant-like character of T. gondii structural
proteins such as tubulin (Stokkermans et al.,
1996). Other evidence that T. gondii has plant-
like characteristics conveyed by the apicoplast is
that the parasite expresses enzymes of the
shikimate pathway, which is essential for the
synthesis of folate, ubiquinone and aromatic
amino acids in algae and plants (Roberts ez al.,
1998). A well-characterized inhibitor of the
shikimate pathway, the herbicide glyphosate,
also inhibits 7. gondii. Four enzymes of the
shikimate pathway have been detected in 7.
gondii, and the pathway is also present in the
apicomplexan parasites Plasmodium falciparum
and Cryptosporidium parvum.

Life-cycle

The asexual stages of T. gondii can cause disease
in humans and most animals (Figure 5.1). There
are two asexual forms. The first form, called the
tachyzoite, can invade all types of cells and
divides rapidly, leading to cell death (Figure 5.2).
The second form, called the bradyzoite, divides
slowly and forms cysts, most prominently in
muscle and brain (Figure 5.3). Tachyzoite
replication causes acute disease, while encysted
bradyzoites are long-lived, with slow turnover,
and are responsible for maintaining the latent
infection. Cysts in tissue elicit no inflammation,
and presumably have little effect on surrounding
cellular function until they break down and
release the bradyzoites, which can convert to
tachyzoites and cause necrosis and inflammation.
Reactivation of bradyzoites from cysts is respon-
sible for most disease in immunosuppressed
hosts. The infection is maintained in nature in
numerous animals, both wild and domesticated.
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Fig. 5.1 Life-cycle of T. gondii. The cat is the definitive host, in which the sexual cycle is completed. Oocysts shed in cat feces can
infect birds, rodents and grazing animals or humans. The cysts found in the muscle of food animals may infect humans eating
insufficiently cooked meat. Human disease takes many forms, but congenital infection and encephalitis from reactivation of latent
infection in the brains of immunosuppressed persons are the most important manifestations of disease

Rodents and birds ingested by cats keep the
sexual cycle going in the wild. Human food
animals, especially sheep, pigs and goats, may
harbor cysts in muscle, which are infectious for
people and other carnivores when ingested in raw
or undercooked meat (Dubey, 1990, 1992; Dubey
et al., 1995). The sexual cycle takes place in the
superficial epithelium of the small intestine of
both wild and domestic members of the cat
family (Figure 5.4). Oocysts, which are shed in
feces of recently infected cats, are resistant to
desiccation and heat (Dubey, 1995; Jacobs et al.,
1960). Oocysts are less dense than water and
remain in the upper soil horizon, where they may
contaminate skin and may be ingested, either
directly by hand-to-mouth transmission or on
raw vegetables (Frenkel et al., 1970). Oocysts
require exposure to air, after cat feces are
deposited in soil, for at least 12 hours but up to
several days in order to complete sporulation,

after which they are infectious by mouth (Frenkel
et al., 1975). This information is useful in the
management of cat litter boxes, which have a
lower chance of harboring infectious oocysts if
the feces are removed daily.

Population Genetics

Strains of T. gondii from all continents have been
compared genetically and shown to be a homo-
geneous single species with less than 5% sequence
variation between isolates from any area of the
world (Boothroyd, 1993). The species sorts
genetically into three major clonal lineages
(designated as I, IT and III), with little evidence
of recombination (Howe and Sibley, 1995).
Demonstration of the sexual cycle in the cat
intestine indicates that sexual recombination is
possible, and it can be shown to occur in
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Fig. 5.2 T. gondii infection of cultured human fibroblasts,
demonstrating  ‘rosettes’ of tachyzoites (tg) within
parasitophorous vacuoles in the cytoplasm of the host cells.
The parasites are orientated with their posterior poles to the
inside of the ring, n, host nucleus. Bar=10 um

Fig. 5.3 Bradyzoite cyst in the retina, stained with PAS. No
inflammation is evident adjacent to the intact cyst. Individual
bradyzoites cannot be distinguished. Bar =50 pm

experimental infections (Pfefferkorn et al., 1977,
Pfefferkorn and Pfefferkorn, 1980). This must be
relatively infrequent in nature, however, prob-
ably because it would require a cat to ingest two
separate strains of 7. gondii in close temporal
proximity, so that the initial intestinal infection
produced gametes that could cross-fertilize.
Virulence differences between three defined geno-
types can be demonstrated in experimental
infections of inbred mouse strains. There is
evidence, from analysis of a collection of 109
isolates from around the world, that the type
IT genotype, as defined by Sibley, is over-

Fig. 5.4 Sexual stages of 7. gondii in epithelial cells of cat
small intestine. (A) Early sexual stages (types B and C), 40
hours after infection, stained by PAS. (B) Later stages (types
D, E and gamonts) in the periphery of intestinal epithelial
cells after 8 days, stained with haematoxylin and eosin.
Bars=75um. Histological preparations courtesy of Dr Jack
Frenkel, University of Kansas Medical Center

represented in human disease, and that type III is
more frequent in animals (Howe and Sibley,
1995; Sibley and Howe, 1996). Type I, which is
most virulent in the mouse model, may be more
frequent in human congenital disease (Sibley and
Howe, 1996). Genetic tools, including genetic
crosses (Pfefferkorn and Pfefferkorn, 1980),
transfection and homologous recombination to
produce knockout phenotypes (Roos et al., 1994)
a preliminary genetic map (Sibley and Boot-
hroyd, 1992; Sibley et al, 1992) and an
expressed-sequence-tag library (Ajioka et al.,
1998), have been developed to aid the genetic
analysis of the parasite.
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EPIDEMIOLOGY AND ECOLOGY

Humans may be infected either by eating cysts in
meat or by ingestion of sporulated oocysts from
contaminated soil. The relative risk of infection
in the USA, Canada and Europe is considered to
be higher from the ingestion of undercooked
meat, but in societies with little meat in the diet,
oocysts are more important (Frenkel ez al., 1995).
Studies of vegetarians show a lower incidence of
toxoplasmosis in this population in industrialized
countries (Roghmann et al., 1999) and the tropics
(Rawal, 1959). Birds and rodents are important
in picking up oocysts from soil and scavenging
bradyzoite cysts from infected animals (Frenkel,
1973, 1997). Grazing food animals, e.g. sheep,
are probably infected by soil oocysts, but swine
are omnivores and may also ingest infected
rodents (Dubey, 1998; Dubey and Beattie,
1998). The incidence of Toxoplasma in swine is
quite variable. Bovine and fowl Toxoplasma
levels are low (Dubey, 1992).

The distribution of T gondii is worldwide; all
genotypes are found on all continents except
Antarctica. Islands without 7. gondii have been
found in the Pacific, and along the coast of
Central America (Etheredge and Frenkel, 1995;
Wallace, 1969). Hot, dry climates have a lower
incidence of toxoplasmosis than temperate, moist
climates, and rates decrease with increase in
altitude (Etheredge and Frenkel, 1995; Walton et
al, 1966). The role of the cat in the transmission
of toxoplasmosis is established, but the epi-
demiology of transmission also includes the
possible role of dogs as carriers of infectious
oocysts. Dogs are associated in epidemiological
surveys with increased rates of toxoplasmosis.
Their habit of rolling in cat feces or eating cat
feces suggests a possible mechanism for transfer
of infectious oocysts (Frenkel, 1997). Fresh water
contaminated with oocysts was implicated as the
source of an outbreak in troops training in a
jungle in Panama (Benenson er al., 1982).
Toxoplasma infection is also acquired by trans-
placental transmission (Desmonts and Couvreur,
1974a) and, less commonly, through organ
transplantation (Ruskin and Remington, 1976)
and laboratory accidents (Jacobs, 1974).
Although Toxoplasma DNA can be detected by
PCR in blood from chronically infected indivi-
duals (Dupon et al., 1995), transmission of

toxoplasmosis by transfusion of banked blood
has not been established as a public health
problem (Kimball ez al., 1965). Man is a dead-
end host for T. gondii, which is of importance in
the understanding of the epidemiology of drug
resistance. Strains can become resistant to
particular chemotherapeutic agents, but cannot
be passed from person to person.

Serological surveys demonstrate wide variation
in prevalence of infection in various geographic
locations (Zuber and Jacquier, 1995). In Paris,
France, where rates of infection reach 90% by
the fifth decade (Desmonts and Couvreur, 1974b;
Remington et al., 1995; Thulliez, 1992) transmis-
sion appears to be related to preferences of
ingesting poorly cooked or raw meat, especially
lamb. In contrast, antibody positivity in the UK
and Finland is approximately 20% in the total
population (Joynson, 1992; Koskiniemi ez al.,
1992). In moist tropical areas of Latin America
and sub-Saharan Africa, where cats are abundant
and the climate favors survival of oocysts, the
prevalence may approach 90% (Etheredge and
Frenkel, 1995; Frenkel et al., 1995; Onadeko et
al., 1992; Sousa et al., 1988). In comparison, rates
in hot, dry regions, such as North Africa, usually
do not exceed 20% (Hamadto et al., 1997). Rates
in the USA also vary, with a recent survey in
military recruits showing rates from 3% in the
mountain states to 13% in the mid-Atlantic and
east-south-central states (Smith et al, 1996).
These results are about one-third lower than
earlier surveys, and may indicate a decrease in
the load of infectious organisms in the meat
supply, since the number of cats has increased in
recent years.

Recent statistics on the incidence of toxo-
plasmosis presenting as an opportunistic infec-
tion of the brain in AIDS have been published
by the Centers for Disease Control and Preven-
tion in Atlanta, GA (Prevention, 1999). Between
1992 and 1997, the incidence of toxoplasmic
encephalitis declined from 20.7/1000 to 7.0/1000
person-years in HIV-infected persons. The
percentage of males dying of AIDS in this
period who had toxoplasmic encephalitis at any
time in the course of their illness was 7.1%
overall, but 13.0% in those who acquired HIV
through heterosexual contact. These figures are
lower than those quoted at the outset of the
AIDS epidemic.
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CELL BIOLOGY

T. gondii must invade host cells in order to
replicate (Morisaki er al., 1995) and is able to
penetrate virtually any cell type (Figure 5.5).
Active forward movement of the parasite is an
absolute requirement for host cell penetration
(Zaman and Colley, 1972). The ability of T.
gondii to actively invade host cells is key to its
wide host cell range (Dubremetz, 1998). T. gondii
also actively exits the host cell to continue the
infection (Schwartzman and Saffer, 1992). Active
egress from host cells is likely to be important,
both in acute disease and in reactivation of
dormant bradyzoites.

The basic behavior of T. gondii in its interaction
with cells in culture can be observed by light
microscopy (Figure 5.2). Saltatory gliding moti-
lity of tachyzoites over a solid substrate is
followed by rapid penetration of cultured cells
of almost any type (Hakansson et al., 1999). The
movement of the parasite is in a forward clock-
wise  helical rotation  without obvious
deformation of the parasite body, although
torsion of the parasite external membrane has
been noted by scanning electron microscopy
(Bonhomme et al., 1992). Anterior—posterior
flexing of non-gliding parasites and forward
protrusion of the anterior tip of the organism
can also be seen (Nichols and O’Connor, 1981).

Rather than depending on a particular cell
type to take the parasite up by host-dependent
mechanisms, or on specific cellular receptors that
would limit its ability to invade, T. gondii is able
to penetrate a very wide variety of cell types in a
broad range of host species. Invasion has been
shown to depend on gliding movement (Dobro-
wolski and Sibley, 1997; Hakansson et al., 1999).
The motor for gliding is likely to be actin/myosin
(Dobrowolski et al., 1997; Morisaki et al., 1995).
Recent work has focused on defining the motor
proteins that power active invasion. An unusual
family of small myosins has been described in 7.
gondii that may be implicated in gliding,
although the mechanism has yet to be established
(Heintzelman and Schwartzman, 1997). Phylo-
genetic analysis reveals that the three myosins
represent a novel, highly divergent class in the
myosin superfamily. 7. gondii myosin-A (TgM-
A) is an unusually small (approximately 93 kDa)
myosin that shows a striking departure from

typical myosin heavy chain structure, in that it
lacks a neck domain between the head and tail,
and in the absence of recognizable regulatory
sites. The tail domain of TgM-A encompasses
only 57 amino acid residues and has a highly
basic charge. Two other Toxoplasma myosins,
TgM-B and TgM-C, are proteins of 114 kDa and
125kDa, respectively. These two myosins differ
only in their distal tail structure. The tails, like
that of TgM-A, share no homology to any other
myosin tails apart from a highly basic charge.
Both TgM-A and TgM-C are membrane-
associated and bind actin in the absence, but
not in the presence, of ATP (Heintzelman and
Schwartzman, 1999). The localization of TgM-A
is to the anterior pole of the parasite, with subtle
redistribution to apical patches along the cell
membrane in extracellular gliding parasites. Two
additional 7. gondii genes (TgM-D and TgM-E),
which strongly resemble TgM-A in size and
sequence, have been cloned (Hettmann er al.,
2000). In addition to the work done on 7. gondii,
a small unconventional myosin highly homo-
logous to TgM-A has also been found in
Plasmodium falciparum (PfM-A) (Pinder et al.,
1998). This myosin is expressed in motile mer-
ozoites and sporozoites, but disappears in the
intracellular trophozoite stage. This myosin is
localized to the parasite cortex, with some
concentration at the apical pole, not unlike the
distribution of TgM-A. As PfM-A appears to be
the dominant or perhaps the only myosin
expressed at this stage, it is the best candidate
for the molecular motor driving the invasive
process in Plasmodium.

At least 17 different classes of unconventional
myosins have been identified in Protozoa, plants
and animals across the phylogenetic spectrum
(Mermall et al., 1998). Phylogenetic analysis
reveals that the five myosins so far described in
T. gondii, together with the three myosins from
Plasmodium, represent at least one, and more
likely two, novel, highly divergent classes in the
myosin superfamily. As such, they may perform
functions not yet documented for the existing
myosins, such as powering gliding motility.
Although the functions of the parasite myosins
have not yet been determined, the distribution of
these molecules does strongly support the
hypothetical role of these myosins in parasite
motility.
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Fig. 5.5 Active egress of T. gondii from host fibroblasts following stimulation of motility by calcium. (A-D) Intracellular rosettes
of parasites are demonstrated by differential-interference-contrast microscopy. Following calcium stimulation of parasite
movement, the individual tachyzoites penetrate the wall of the parasitophorous vacuole and traverse the host cell cytoplasm on
their own power, to exit the cell. A single tachyzoite is seen in panels C and D, showing constriction of the parasite body as it pushes
through the host plasma membrane (arrow). Interval between panels, 10 seconds. Bar=10 um. Courtesy of Dr Elijjah Stommel,

Dartmouth Medical School

T. gondii motility is actin-dependent, but
fibrillar actin has been very difficult to demon-
strate in the parasite (Dobrowolski and Sibley,
1997). By the use of an agent that polymerizes
and stabilizes actin filaments, specific actin
processes can be demonstrated at the anterior
pole of the parasite and beneath the parasite
plasma membrane (Shaw and Tilney, 1999). This
localization is consistent with roles for actin in
both the probing movement of the anterior tip of
the parasite seen during cell penetration and in
gliding motility. Gliding motility is seen in
bacteria, fungi, algae and many other protists,
but the mechanisms responsible for producing
movement over a substratum without deforma-
tion of the moving organism are as yet
unexplained. Understanding the mechanism of
gliding locomotion in 7. gondii is complicated by
the unusual arrangement of membranes of T.
gondii zoites. An apparently ordinary plasma
membrane surrounds the organism. Two addi-
tional unit membranes, positioned immediately

subjacent to the plasma membrane, are arranged
as side-by-side envelopes, appearing like ‘pave-
ment blocks’ (Figure 5.6), with cross-sections
showing two unit membranes closely apposed
(Schwartzman and Saffer, 1992). The cisternae of
the inner membrane complex (IMC) are not
continuous beneath the entire parasite cell
membrane, being absent at the poles of the
organism. Beneath the IMC is an array of 22
longitudinal microtubules (Nichols and Chiap-
pino, 1987). The function of the inner membrane
complex is unknown.

Penetration and establishment of a parasito-
phorous vacuole requires constitutive and
regulated secretion of parasitic factors (Karsten et
al., 1998). The parasite has three secretory orga-
nelles, the rhoptries and micronemes that secrete
their contents at the anterior pole, and dense
granules that secrete along the lateral surface and
posterior pole of the parasite (Dubremetz et al.,
1993). The combined function of these secretory
products appears to be modification of the host



120 PRINCIPLES AND PRACTICE OF CLINICAL PARASITOLOGY

Fig. 5.6 Montage of micrographs of a freeze-fractured T.
gondii tachyzoite, shadowed by evaporated platinum to show
the exterior surface of the organism. The plasma membrane
has been largely lost, and the surface is made up of the several
layers of the inner membrane complex, which covers the
parasite in large ‘pavement blocks’. The longitudinal ridges
represent the membranes supported from the interior by the
microtubule cytoskeleton

membrane to provide a vacuole that does not
fuse with host compartments (Sibley and Kra-
henbuhl, 1988) and that allows the parasite to
salvage small molecular weight molecules for its
metabolic and synthetic functions (Schwab et al.,
1994) (Figure 5.7).

IMMUNOLOGY

Antibody and cell-mediated immunity are both
elicited by 7. gondii infection. The role of
antibody in the control of the infection is
secondary to the effects of the cell-mediated
immune response. A balance between innate and
adaptive mechanisms leads to proinflammatory
and regulatory responses in the immunopathol-
ogy of toxoplasmosis (Alexander and Hunter,
1998). Cell-mediated production of Thl
responses that limit Toxoplasma growth must
be controlled to limit host damage. Several cell
types are responsible for controlling intracellular
growth of T. gondii (Suzuki, 1999). T lympho-
cytes of CD8*, CD4" and yd specificity, as well
as macrophages, dendritic cells and neutrophils,
are important in creating and maintaining the
Thl response (Denkers and Gazzinelli, 1998).
The immune reaction to 7. gondii infection also
involves depression of parts of the immune
machinery (Channon and Kasper, 1996). Micro-
neme and surface antigens of 7. gondii trigger
monocytes to downregulate mitogen-induced
lymphoproliferation (Channon et al., 1999).
Experimental animal studies involving the nat-
ural oral route of infection have revealed the
importance of gut immunity in the acute stages of
toxoplasmosis. Intraepithelial CD8* lympho-
cytes isolated from infected mice can be shown
to provide long-term protection against infective
challenge (Lepage et al., 1998). The lymphokines
that are known to be important in host protec-
tion include interferon (IFN) gamma (IFNYy),
tumor necrosis factor alpha (TNFa) and nitric
oxide, which have been shown to be key
components in anti-Toxoplasma responses.
While these are unquestionably necessary, they
may not explain all aspects of parasite control.
IFN and TNFa stimulation of non-immune
effector cells to kill 7. gondii may not be
completely dependent on nitric oxide production
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Fig. 5.7 Electron micrograph of two intracellular 7. gondii that are each beginning the second round of division by endodyogeny,
as shown by the formation of daughter apical complexes (D) within each parent. Several apical organelles, including dense granules
(dg), micronemes (mn) and rhoptries (rh), are seen within the parents. The parasitophorous vacuole space is filled with the
tubulovesicular network (tvn), which is thought to function in parasite salvage of host metabolites. A host mitochondrion (mt) is
seen at the edge of the parasitophorous vacuole. The host lysosomal compartments (ly) are labeled by graular thorium dioxide,
showing that none of these bodies fuse with the parasitophorous vacuole. Magnification x 10000

(Yap and Sher, 1999a,b), neither does the long-
term immunity induced by vaccination rely on
nitric oxide, although it is IFN-dependent (Khan,
Matsuura and Kasper, 1998). Dendritic cells may
be important in the immune response to re-
exposure to 7. gondii. Lymphocytes from donors
with evidence of previous toxoplasmosis induced
rapid and strong production of interleukin 12
(IL-12) from human dendritic cells, which would
be expected to produce a rapid burst of IFNy
(Seguin and Kasper, 1999).

The effective and balanced immune response of
immunocompetent individuals controls the infec-
tion, in most cases causing little organ damage,
but does not eradicate the infection. The
bradyzoite cysts elicit little immune reaction
and may persist for the life of the host. Changes

in the host’s immune functions may allow
reactivation of actively replicating tachyzoites
which must be controlled by further -cell-
mediated mechanisms. If the host is incapable
of mounting or regulating this response, the
outcome is extensive organ damage.

PATHOGENESIS

The primary route of infection is oral, with
progression of the infection through the gastro-
intestinal tract to local lymphatics and spread to
other organs documented in the mouse, but all of
these steps have not been shown in humans
(Channon and Kasper, 1996; Fadul et al., 1995;
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Fig. 5.8 Toxoplasmic encephalitis. An area of necrosis with
perivascular  inflammatory infiltrate and clusters of
intracellular tachyzoites (arrow). Extracellular tachyzoites
are more difficult to distinguish from fragments of necrotic
cells. Haematoxylin and eosin stain. Bar=50 pm

Frenkel, 1973, 1988). In mice fed bradyzoites, the
first step appears to be local invasion of the small
intestinal epithelium. The bradyzoite and tachy-
zoite are both capable of active invasion of
many cell types, and replicate within a parasite-
modified vacuole (Dubremetz, 1998; Lingelbach
and Joiner, 1998; Schwab et al., 1994). Brady-
zoites rapidly convert to tachyzoites in vivo. In
vitro the formation of bradyzoite cysts can be
stimulated by various maneuvers that stress the
infected cells, including change of pH or
temperature or various mitochondrial poisons
(Dubey et al., 1998; Dubremetz, 1998; Soete et
al., 1994). The key step in spreading the
infection from the localized initial site is likely
infection of circulating monocytes in the lamina
propria; this cell subset has been shown to be
permissive for 7. gondii replication in both
mice and humans, and may therefore be
responsible for transport of the parasite widely
throughout tissues (Fadul er al., 1995).
Tachyzoites are found in all organs in acute
infection, most prominently in muscle, including
heart, and in liver, spleen, lymph nodes and the
central nervous system (Bertoli er al., 1995;
Figures 5.8, 5.9). The initial pathological lesion
is necrosis caused by death of parasitized cells,
with a vigorous acute inflammatory reaction. As
the disease progresses, more lymphocytic infiltra-
tion develops but true granulomas are not
formed. If the host controls the replication of
tachyzoites effectively, tissues are restored to

Fig. 5.9 Toxoplasmic myocarditis. Intracellular tachyzoites
are within a myocardial muscle cell, which is surrounded by
extensive edema and inflammatory infiltrate. Geimsa stain.
Bar=50 pm

anatomic integrity without scarring, and cysts
containing the long-lived bradyzoites remain
without sign of host reaction. The humoral
immune response is rapid and may be capable
of killing extracellular tachyzoites (and is of use
diagnostically), but it is not protective in the
mouse model (Frenkel, 1973). Control of the
disease appears to depend on the elaboration of
appropriate cytokines including IL-12 and IFNy
(Suzuki et al., 1988a; Yap and Sher, 1999a),
followed by a specific cell-mediated immunity,
with CD8* helper T cells apparently the most
important subgroup (Suzuki, 1999; Yap and
Sher, 1999a). In some experimental infections
there is intense acute inflammation with few
identifiable parasites and early death, which may
be caused by an overly vigorous cytokine
response to the infection (Khan et al., 1997).

CLINICAL SYNDROMES

Acute Disease in Adults

Most individuals positive for T. gondii antibodies
have no history of a clinical syndrome that was
diagnosed as toxoplasmosis, leading to the
supposition that most primary infections are
asymptomatic or unrecognized. The most
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common recognized finding is cervical lymph-
adenopathy, usually painless and sometimes
accompanied by low-grade fever (McCabe et
al., 1987a). Single or multiple enlarged nodes
may persist at one site or there may be
involvement of many scattered nodes. Toxoplas-
mic lymphadenopathy may be evident for weeks,
and may need to be distinguished from lymph-
oma (McCabe et al., 1987b). The other common
presentation is a mononucleosis-like syndrome,
which is characterized by fever, headache,
malaise, lymphadenopathy, hepatosplenomegaly,
myalgia and atypical lymphocytosis, and which
develops within 1-3 weeks after exposure to
infectious material (Krick and Remington, 1978;
Remington, 1974; Remington et al., 1995). The
symptomatic illness may persist for up to several
months. The most severe manifestations of
toxoplasmosis in persons with normal immune
function are rare and include pneumonitis,
myocarditis, meningoencephalitis, polymyositis
and systemic disease leading to death (Evans and
Schwartzman, 1991; Feldman, 1968a,b; Frenkel,
1985; Greenlee et al., 1975; Krick and Reming-
ton, 1978; Mawhorter et al., 1992; Wilder, 1952).

Congenital Disease

Toxoplasma may infect the maternal side of the
placenta in the course of acute primary disease,
and if the parasite penetrates to the fetal side,
the fetus may become infected. The ability of the
parasite to cross the placenta depends on the
anatomic characteristics of the placenta, which
change with the stage of gestation. Total
maternal-fetal transmission is about 30%
throughout all of gestation, but varies from 6%
at 13 weeks to 72% at 36 weeks (Dunn et al.,
1999). However, fetuses infected in early preg-
nancy are at a higher risk of manifesting clinical
signs of infection. The two trends combine to
give women who seroconvert at 24-30 weeks of
gestation the highest risk (10%) of having a
congenitally infected child with early clinical
signs of infection, a child that is therefore at
risk of long-term sequelae.

Congenital infection has been reported only
rarely when the mother has antibody to 7. gondii
or symptoms of primary infection acquired

before gestation (Vogel et al., 1996). Evidence
of infection within months prior to pregnancy
should be considered to carry a small risk of
congenital infection. Immunosuppression of
women (as with corticosteroid therapy) who
have prior T. gondii infections may also lead,
rarely, to transplacental transmission of infec-
tion. Acute infection is clinically apparent in the
minority of infected pregnant women, but both
symptomatic and asymptomatic infections can
lead to transplacental transmission. The rate of
transplacental transmission and the severity of
disease varies with time of gestation. A large
study of congenital toxoplasmosis in Norway
(Jenum et al., 1998) showed that, in 35940
pregnant women, 10.9% had evidence of infec-
tion preceding pregnancy and 0.17% showed
evidence of primary infection during pregnancy.
Congenital infection was detected in 11 infants
and 13% occurred in the first, 29% in the second
and 50% in the third trimester. After 1 year of
follow-up, only one infant, born without gesta-
tional treatment, was clinically affected, with
unilateral chorioretinitis. Between 0.6% and
1.3% of women were falsely positive by a
commercial IgM assay when tested from the
beginning to the end of pregnancy. Of the women
infected prior to pregnancy, 6.8% had persisting
specific IgM. A positive specific-IgM result had a
low predictive value for identifying primary 7.
gondii infection. Another large screening study
found that 50% of positive cord-blood IgM
assays were false positives, but of the true
positives, 40% of infants had identifiable signs,
but not symptoms, of infection (Guerina et al.,
1994). These conclusions are in accordance with
poor performance of other commercial IgM
assays in detection of congenital disease (Wilson
et al., 1997). Improvements in IgM assays are
under development (Tuuminen et al., 1999), but
the low-affinity IgM seen in infants makes
serological diagnosis of congenital disease
difficult.

The great majority (>75%) of infants born
with toxoplasmosis are asymptomatic or have
disease that is not detected by routine neonatal
examination (Desmonts and Couvreur, 1974a,b;
Guerina et al., 1994). Careful ophthalmological
examination may reveal evidence of chorioretin-
itis in otherwise asymptomatic infants (McAuley
et al., 1994). The majority of congenitally
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infected infants will subsequently develop clini-
cally apparent evidence of infection within
months to years (Koppe et al., 1986; Koppe
and Meenken, 1999; Wilson et al., 1980).
Reactivation of congenital infection may be
correlated with Th2-type cytokine responses,
which have been noted, in experimental infection,
to be associated with progressive disease (Kahi
et al., 1999).

Infections in the first trimester and early second
trimester may lead to spontaneous abortion,
stillbirth or severe neonatal disease (Frenkel,
1974; Remington et al., 1995). The most severely
affected organ is the brain, where focal necrosis
and perivascular mononuclear inflammation is
seen, with intracellular and extracellular tachy-
zoites and early cysts. Resolving lesions may show
microglial nodules and calcification. Large lesions
may be associated with thrombosis of small and
medium-sized vessels of the white and gray matter.
Lesions are frequently periventricular and, when
they involve the aqueduct of Sylvius, subsequent
fibrosis may lead to hydrocephalus. Neurological
sequelae include seizures, developmental delay,
deafness, hydrocephalus, microcephalus and
prominent intracerebral calcifications. Approxi-
mately 75% of clinically apparent congenital
toxoplasmosis manifests as visual impairment
caused by bilateral retinochoroiditis (Mets ef al.,
1997). Peripheral retinal lesions may be difficult to
detect in infants without an examination under
anesthesia. In infants severely affected with con-
genital toxoplasmosis, systemic manifestations,
such as fever, hypothermia, jaundice, hepatosple-
nomegaly, diarrhea, vomiting, lymphadenopathy,
pneumonitis, myocarditis and petechial or purpu-
ric rash, may be evident (McAuley et al., 1994).
Laboratory findings may include anemia, throm-
bocytopenia, clevated CSF protein and CSF
pleocytosis (McAuley et al., 1994). The presence
of symptoms and signs of systemic and CNS
involvement may not guarantee a bad prognosis,
however, in infants who are diagnosed and treated
appropriately (McAuley et al., 1994). Factors
correlating with poor outcomes include episodes
of hypothermia, bradycardia and apnea or hypox-
emia. Cerebral atrophy persisting after therapy for
hydrocephalus, and CSF protein levels greater
than 1g/dl, have also been noted in infants who
have had the worst outcomes in a longitudinal
study (McAuley et al., 1994).

Ocular Disease

Involvement of the eye is commonly seen in
congenital disease, but recent outbreaks in
Canada and Brazil have demonstrated that
retinochoroiditis is a more common result of
acute primary infection in adults than has been
previously appreciated (Bowie et al., 1997,
Glasner et al., 1992). In these studies, the high
incidence of ocular involvement was associated
with infection contracted from food or water.
Retinochoroiditis in children and teenagers is
most frequently ascribed to congenital infection
that was silent or undetected at birth (Mets et al.,
1997; Pavesio and Lightman, 1996). Therapy for
toxoplasmosis in gestation or in the first year of
life may decrease the incidence and/or severity of
retinochoroiditis (Peyron et al., 1996). Symptoms
of acute retinochoroiditis include blurred vision,
scotoma, photophobia and pain, without fever or
other systemic manifestations. Funduscopic
examination shows evidence of vitritis, with
elevated pale, cotton-like patches in the retina,
resembling a ‘headlight in fog’ (Montoya and
Remington, 2000). The pathology of the lesions
involves coagulative necrosis of the retina with
inflammatory infiltrates and loose granulomas in
the choroid (Roberts and McLeod, 1999). Healed
scars are pale with distinct margins and promi-
nent black pigment of choroidal epithelium
(Roberts and McLeod, 1999) (Figure 5.10).
Recurrent retinochoroiditis involving the macula
may lead to blindness. Vascularization of scars
from the choroid may predispose to retinal
detachment, especially in those with myopia
(Bosch-Driessen et al., 2000; Lafaut et al.,
1999). Micro-ophthalmia, strabismus, cataracts,
glaucoma and optic atrophy are long-term
complications of severe retinochoroiditis.

Disease in Persons with Human
Immunodeficiency Virus (HIV) and Other
Causes of Inmunodeficiency

Cell-mediated immunity is required for the
continued control of T. gondii infection, and
any disease process or therapeutic regimen that
depresses cellular immunity may allow for
reactivation of disease, leading to overwhelming
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Fig. 5.10 Toxoplasmic retinochoroiditis in a patient with congenital infection. Courtesy of Dr Rima McLeod, University of

Chicago

infection. The most frequent condition predis-
posing to systemic toxoplasmosis is advanced
HIV disease. Persons with persistently less than
100 CD4 ™" T cells/ul are at risk for reactivation of
previous infection (Israelski et al., 1993; Ruskin
and Remington, 1976). There is some evidence
that CD8" T cells are key effectors in long-term
immunity to 7. gondii (Parker et al., 1991) and
the CD8™ cell count falls late in HIV disease. In
populations that have a high incidence of
inadequately treated opportunistic infections,
such as in developing countries, toxoplasmosis
may be less prevalent, since patients may die
before the disease is manifested. Other immuno-
suppressed persons at high risk are those treated
for solid organ transplantation, especially those
without T. gondii antibody who have been given
organs from T. gondii-positive donors (Luft ez
al., 1983b). Hodgkin’s disease and other lym-
phomas have also been found to predispose to
serious Toxoplasma infections. Toxoplasmosis in
AIDS is most frequently the result of reactivation
of latent infection (Mariuz et al., 1994). The
underlying incidence of T. gondii exposure of a
population therefore affects the risk of reactiva-

tion, and patients from groups with high
incidence of anti-Toxoplasma antibody are at
higher risk. AIDS patients who lack evidence of
T. gondii antibody may have symptomatic toxo-
plasmosis, but disease in the absence of an
antibody response is rare, even in advanced
immunosuppression. In one series of patients
with toxoplasmic encephalitis, 16% of cases had
no evidence of IgG antibody (Porter and Sande,
1992). Without chemoprophylaxis, the incidence
of reactivation of latent 7. gondii infection in
AIDS is up to 30% (Mariuz et al., 1994) but the
practice of Pneumocystis carinii prophylaxis,
which suppresses T. gondii as well, has reduced
this dramatically (Richards et al., 1995). There is
preliminary evidence that persons who respond
to HIV treatment with sustained immune recon-
stitution above 200 CD4* T cells/ul of blood are
at low risk for toxoplasmic encephalitis, and may
be removed from anti-Toxoplasma prophylaxis
(Furrer et al., 2000).

Although toxoplasmosis in immunosuppressed
individuals can affect all organ systems, there is a
remarkable predominance of toxoplasmic ence-
phalitis seen in AIDS patients, which is not fully
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explained but is thought to be caused by the
reactivation of latent cysts in the central nervous
system. This disease is usually manifested by
multiple necrotizing lesions in the cerebral
corticomedullary regions or the basal ganglia,
which may be detected by various imaging
techniques (see below). Symptoms most fre-
quently include a subacute presentation of
fever, headache, altered mental state and/or a
wide range of neuropsychiatric manifestations,
focal neurological findings (including cranial
nerve deficits, cerebellar deficits and movement
disorders, weakness and sensory changes) and
indications of generalized CNS dysfunction, such
as seizures. Signs of meningeal irritation are not
usually seen. Laboratory tests of CSF are
frequently only minimally abnormal, with CSF
protein being the most commonly elevated
indicator. The course of disease can also be
acute and rapidly fatal.

Other organs involved most frequently in
immunosuppressed patients include the heart
and lungs (Tschirhart and Klatt, 1988). Toxo-
plasmic myocarditis is infrequently symptomatic
but may cause arrhythmia and heart failure
(Montoya and Remington, 2000). When sympto-
matic, it may be the predominant feature of
disseminated disease (Figure 5.9). Dermal and
skeletal myositis has also been described as a
symptomatic feature of toxoplasmosis. Pulmon-
ary toxoplasmosis is most frequently seen late in
the course of AIDS, and clinically resembles
pneumonitis caused by Pseumocystis carinii, but
is more rapidly progressive, with pulmonary
infiltrates and respiratory decompensation. Vir-
tually all other organ systems have been found to
harbor tachyzoites in disseminated disease, but
clinical symptoms attributable to individual
organs other than the brain, heart, muscle and
lung are unusual.

DIAGNOSIS

Imaging Studies

Lesions in organs other than brain are non-
specific and cannot be distinguished from other
infectious processes by imaging studies. In the
central nervous system, computed tomography
(CT) scans in typical cases of toxoplasmic

encephalitis show multiple isodense or hypodense
lesions, at the corticomedullary junction or in the
basal ganglia, that are enhanced following the
administration of intravenous contrast material
(Figure 5.11A—C). Lesions may also be single, or
the encephalitis may be poorly demarcated,
involving the cerebrum diffusely and not produ-
cing typical CT or magnetic resonance (MR)
images. MR findings typical of toxoplasmic
encephalitis are ring enhancement around the
lesions on T1-weighted images with gadolinium
contrast material, and high signal lesions on T2-
weighted images (Figures 5.11B,C). ‘Bullseye’
lesions may be seen, representing successive
expansion and contraction of the necrotic focus
with interruption of therapy. CT scans are less
sensitive for detecting lesions, even with intra-
venous contrast (Figure 5.11A) (Knobel et al.,
1995; Maschke et al., 1999). Response to therapy,
as observed by imaging studies, is slower than the
clinical response, taking up to 3 weeks to be
evident. Complete resolution of lesions may take
up to 6 months, and small residua may persist
from large lesions. It is not possible to differ-
entiate completely between the radiographic
findings of toxoplasmic encephalitis and CNS
lymphoma. Various newer imaging techniques,
including positron emission tomography (PET),
radionuclide uptake scans and MR proton
spectroscopy, have been investigated to help in
this differentiation, but none is established as a
definitive diagnostic modality.

In cases of congenital infection, calcifications
may be detected by plain X-ray or by CT and are
suggestive of toxoplasmosis, especially when they
are seen outlining a unilaterally or bilaterally
enlarged ventricle (Figure 5.12A) (McAuley et
al., 1994). Calcifications are more easily detected
on CT images (Figure 5.12B).

Laboratory Diagnosis

Direct Detection and Isolation of Parasites

The list of conditions that must be distinguished
from toxoplasmosis is large and varies with the
clinical circumstances (Table 5.1). The diagnosis
of toxoplasmosis may be established by several
modalities, the most specific being the identifica-
tion of tachyzoites within tissue. In most clinical
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Fig. 5.11 Toxoplasmic encephalitis in a 31 year-old man with AIDS. The multiple lesions demonstrated by CT scan are better
defined by MR scanning. (A) CT scan with intravenous contrast. (B) MR image, T, weighted with gadolinium contrast. (C) MR
scan, T, weighted. Courtesy of Dr Laurence D. Cromwell, Dartmouth-Hitchcock Medical Center

circumstances this is not necessary, and serolo-
gical tests may be used to establish the diagnosis
and rule out other conditions.

Tissue biopsies may demonstrate tachyzoites
or cysts, which stain with hematoxylin and eosin
in routine histopathological preparations. The
Romanovsky stains, such as Geimsa and
Wright’s, also demonstrate 7. gondii forms well
(Figure 5.13). The parasite is most easily seen as
clusters of slightly elongate to oblate 5.7 x 2.3 um
nucleated bodies, within a vacuole inside infected
cells. The parasite can be found in various cell
types, including endothelial cells, fibroblasts,

hepatocytes, myocytes, macrophages and various
cells of the central nervous system. This char-
acteristic differentiates 7. gondii from other
intracellular parasites, which infect only a single
cell type. Yeast such as Histoplasma capsulatum,
which may be found in macrophages, may have a
similar appearance but are usually smaller and
more abundant than 7. gondii and may demon-
strate budding division. The hemoflagellates,
such as Leishmania and Trypanosoma cruzi,
demonstrate both nuclei and deeply staining
kinetoplasts within individual organisms. Extra-
cellular T. gondii tachyzoites are easily seen by
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Fig. 5.12 Congenital toxoplasmosis. Periventricular calcifications are demonstrated in the brain of a 7 month-old boy by plain
films and CT scan. (A) Plain film (B) CT scan without contrast. The calcifications are prominent white areas surrounding the
dilated ventricles. Courtesy of Dr Laurence D Cromwell, Dartmouth—Hitchcock Medical Center

standard stains, but may be obscured in necrotic
areas that have abundant cell debris and inflam-
matory infiltrate. Specific immunological staining
may demonstrate 7. gondii antigen in such
necrotic lesions. Cytocentrifuge preparations of
cerebrospinal fluid, amniotic fluid or broncho-
alveolar lavage fluid may also demonstrate
tachyzoites. None of these morphological tech-
niques is sensitive, and many lesions attributable
to T. gondii infection have no identifiable
parasites. Toxoplasmic lymphadenitis is char-
acterized by reactive follicular hyperplasia,
irregular infiltrates of large histiocytes (‘epi-
theloid cells’) at the germinal center margin and
scattered islands of monocytic and apoptotic cells
in distended sinuses. Cysts may be stained by the
periodic acid—Schiff (PAS) protocol, which stains
both the cyst wall of the mature cyst and the
intracellular amylopectin of individual brady-
zoites, or by argyrophilic stains, which stain cyst
walls. Finding cysts does not establish the
diagnosis of acute disease in the absence of
necrosis and inflammation, since they may be
stable for years.

Alternatives to morphological identification of
tachyzoites are tissue culture, animal inoculation
and detection of specific 7. gondii DNA by
amplification techniques. Culture of live parasites
definitively establishes the etiology of infection in

tissues, but it is relatively insensitive and slow,
taking up to several weeks. Many tissue culture
lines may be used, but human fibroblasts are the
most easily observed for evidence of parasite
growth. Peritoneal inoculation of mice is a more
sensitive technique, especially for strains of
genetic type I, which may kill mice with a single
infective parasite. Some strains of 7. gondii may
not elicit clinical disease in mice, however, and
the infection may have to be detected by serology
of mouse blood, or by examination of brains for
cysts after 46 weeks (Dubey and Beattie, 1998).
No culture approaches are readily available in
clinical laboratories, but may be available from
the Toxoplasma Reference Laboratories. PCR
amplification of parasite DNA from tissue, CSF,
amniotic fluid or blood is a sensitive method for
detection of infection, and several potential
amplification targets have been described. The
B1 gene, which is present in all 7. gondii strains in
35 copies, has been the most frequently used
target (Grover et al., 1990) but SAGI1, the major
surface antigen gene, and ribosomal gene targets
have also been described (Contini et al., 1999).
PCR is available from several reference labora-
tories and is the preferred test for establishment
of infection during gestation, by assay of
amniotic fluid (Foulon et al., 1999a; Grover et
al., 1990).
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Table 5.1 Differential diagnoses for toxoplasmosis in various circumstances

Clinical setting

Possible alternative etiological agents

Distinguishing points

Histoplasma capsulatum
Leishmania spp.
Trypanosoma cruzi
Other intracellular yeast
Mononucleosis syndrome EBC

CMV

Acute HIV

African trypanosomiasis

Tissue biopsy or aspirate with
intracellular organisms seen
morphologically

South American trypanosomiasis

Cat scratch disease
Lymphoma
Tuberculosis
Sarcoidosis
Leprosy
Tularemia
Trypanosomiasis
Congenital infection CMV
HSV
Rubella
Syphilis
Listeria
T. cruzi
Erythroblastosis fetalis
Retinochoroiditis in Tuberculosis
immunocompetent individuals Syphilis
Leprosy
Histoplasmosis
Retinochoroiditis in AIDS CMV
Syphilis
HSV
\VA%
Fungal infection

Lymphadenitis

CNS lesions in AIDS
Brain abscess
Progressive

Lymphoma or metastatic tumor

Only in macrophages, may see budding
Only in macrophages, amastigote has kinetoplast
Amastigotes only in myocytes, kinetoplasts seen
Only in macrophages, morphology characteristic
Distinguish by serologic tests

Distinguish by serologic tests

Distinguish by serologic tests
Trypomastigotes seen in blood film
Distinguish by serologic tests

Distinguish by serologic tests

Biopsy of tissue

Biopsy of tissue and culture

Biopsy of tissue

Biopsy of tissue

Distinguish by culture

Distinguish by serologic tests

Distinguish by culture of virus
Distinguish by culture of virus
Distinguish by culture and serologic tests
Distinguish by serologic tests

Distinguish by culture

Distinguish by serologic tests

Distinguish by hematological tests
Distinguish by culture

Distinguish by serologic tests

Distinguish by biopsy

Distinguish by serologic and antigen tests
Distinguish by culture or PCR of virus
Distinguish by serologic tests

Distinguish by culture or PCR
Distinguish by culture or PCR
Distinguish by culture

Distinguish by tissue biopsy

Distinguish by culture

Distinguish by PCR

multifocal leukoencephalopathy

Fungal or mycobacterial disease

Distinguish by biopsy and culture

Interpretation of Serological Tests

The humoral immune response to 7. gondii is
rapid and intense, and forms the basis of useful
diagnostic tests for the various forms of the
disease. Antibodies may be produced to a
number of 7. gondii antigens, but the immuno-
dominant antigen is the 30 kDa major surface
antigen, SAG-1. IgG antibodies are a reliable
and sensitive indicator of exposure to 7. gondii,
but do not establish the chronicity of the
infection. Several methods are available for the
determination of anti-Toxoplasma 1gG, and all
are sensitive and specific. The historical gold
standard assay is the Sabin—Feldman dye test,

which relies on the ability of complement-fixing
IgG or IgM antibody in the patient serum to
produce changes in permeability of live T. gondii
and allow dye to enter the parasite. This test is no
longer widely available, but is still useful
clinically because it has a very high specificity
and can be used for comparison with other IgG
assays. Indirect immunofluorescence assays and
various forms of ELISA and microparticle
immunoassays all correlate well with the Sabin—
Feldman dye test. All of these tests are reliable to
establish past infection with T. gondii. If 1gG
tests are negative and there is no evidence of IgM
antibody, the diagnosis of toxoplasmosis can be
considered very unlikely. If the IgG assay is



130 PRINCIPLES AND PRACTICE OF CLINICAL PARASITOLOGY

Fig. 5.13 Intracellular and extracellular tachyzoites (arrows) in a smear of peritoneal exudate cells of an infected mouse. Wright’s

stain. Bar=10 um

equivocal, another specimen should be tested
after 2-3 weeks to establish whether a real
seroconversion has taken place. Once present,
IgG antibody usually persists for the life of the
host, even at high levels for years. Clinical
settings in which it would be useful to perform
IgG serology include before conception or very
early in gestation, before therapeutic immuno-
suppression, and early after the primary
diagnosis of HIV.

Determination of the time of infection is more
difficult. Tests for IgM do not have ideal
performance characteristics to allow straightfor-
ward interpretation of the time of primary
infection. Commercially available IgM solid-
phase assays may produce both false negative
and false positive results in some situations
(Anonymous, 1997). Most available assays of
IgM antibody lack sensitivity to detect the low
avidity IgM antibodies synthesized by neonates
and young infants. If specific IgG antibody is
present and an IgM assay is equivocal or
positive, further investigation is necessary to
establish with confidence that the individual has
been recently infected. This is best done at a large
public health laboratory or reference laboratory
with experience and availability of alternative
assays that can be performed to support the
diagnosis. If an IgG assay is positive and IgM is

truly negative, the infection has most likely been
established for more than 1 year. Specific anti-
Toxoplasma 1gM may be detected for 18 months
or more with sensitive assays (Wilson and
McAuley, 1999). IgM ELISA assays in the
‘capture’ format, which trap serum IgM on the
solid phase in the first step, are useful to indicate
the relative subset of IgM that recognizes
Toxoplasma antigen. This method is less likely
to be interfered with by excess non-specific [gM
or rheumatoid factor (Naot and Remington,
1980; Siegal and Remington, 1983).

Tests useful as adjuncts to confirm an equivo-
cal or positive IgM titer include the IgA and IgE
ELISA assays. The IgA ELISA is useful to
confirm IgM determinations and can be elevated
in acute disease and, although it is not a sensitive
test in congenital disease, it may be useful in
confirmation of IgM in that setting (Foudrinier
et al., 1995; Stepick-Biek et al., 1990). IgE
antibodies may be present in the acute phase of
disease and disappear rapidly (Wong et al.,
1993). The IgE ELISA is therefore useful in
dating infection and confirming congenital infec-
tion. There is some evidence that IgE antibodies
also appear in reactivation episodes associated
with toxoplasmic encephalitis and retino-
choroiditis (Wong et al., 1993). A differential
agglutination test has been developed to
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distinguish the pattern of antibodies seen in
recent acute infection from those seen in more
distant infections (Dannemann et al., 1990).
Tachyzoites fixed with acetone or methanol
(AC antigen) display antigens that are recognized
by antibodies made early in primary infection,
and can be agglutinated by serum diluted at
alkaline pH (Suzuki et al., 1988b). Tachyzoites
fixed in formalin (HS antigen) are agglutinated
by antibodies produced later in primary infec-
tion. The AC:HS agglutination titer ratio can be
used to assign acute and non-acute patterns to
sera. Among persons known to be infected for
more than 2 years, only 13% showed an acute
pattern with the AC:HS test (Dannemann et al.,
1990). The IgM immunosorbent agglutination
assay (ISAGA) has better sensitivity than IgM
ELISA assays, and is useful in detection of IgM
in congenitally infected infants (Desmonts et al.,
1981). The avidity of IgG antibodies produced
early in infection is low (Hedman er al., 1989).
Avidity can be used to help differentiate between
recent and long-standing infection in pregnancy
(Cozon et al., 1998; Jenum et al., 1997,
Lappalainen et al., 1993).

THERAPY AND MANAGEMENT OF
TOXOPLASMOSIS

Drugs for Treatment of Toxoplasmosis

The major drugs used for the therapy of
toxoplasmosis are targeted at the folate pathway
of the parasite. The best-established regimen is a
combination of pryrimethamine and sulfadia-
zine. Both of these agents inhibit parasite folate
metabolism. Pyrimethamine in adults should be
started with a loading dose of 100-200 mg over 1
day in divided doses, followed by a daily dose of
25-100mg/day for 3-4 weeks. The drug is
available only in 25 mg tablets, is well absorbed
from the gastrointestinal tract, and has a 4-5 day
half-life. The pediatric dosage is 2 mg/kg/day for
3 days (followed by a maximum dose of 25 mg/
day for 4 weeks) (Anonymous, 2000). Sulfadiazine
is the preferred sulfonamide, and should be given
at 4-6 g/day in four divided doses for adults and
100200 mg/kg/day in children, for the same
duration as the pyrimethamine. Leukovorin
(folinic acid) 10-25mg should be administered

simultaneously with each dose of pyrimethamine
to ameliorate bone marrow suppression. Marrow
toxicity should be monitored by complete blood
count in each week of pyrimethamine therapy.

Alternatives to the standard regimen include
the use of spiramycin, a macrolide, which has
been used for treatment of infection in pregnant
women. The drug has been extensively used in
Europe, but there are no published randomized
comparisons and the published studies are
insufficient to establish unambiguously that the
drug can prevent congenital infection (Wallon
et al., 1999). There is evidence that it has
inhibitory activity for T. gondii (Chang and
Pechere, 1988), although other macrolides, nota-
bly azithromycin, have higher activity (Araujo et
al., 1991). Spiramycin use in pregnancy has not
been shown to be teratogenic, and it appears to
decrease the severity of disease (Foulon et al.,
1999b; Hohlfeld et al., 1989). Clindamycin, a
lincomycin, inhibits 7. gondii by an unknown
mechanism that involves the parasite organelle
called the apicoplast (Fichera and Roos, 1997).
The kinetics of killing are unusual, in that
multiple rounds of parasite replication proceed
normally after exposure to the drug before death
occurs (Fichera er al., 1995). Clindamycin has
been used in combination with sulfadiazine for
therapy of toxoplasmic retinochoroiditis and
encephalitis.

Other drugs that have activity against 7. gondii
include dapsone, azithromycin, clarithromycin,
roxithromycin, atovaquone, minocycline and
rifabutin (Montoya and Remington, 2000).

Treatment of Immunocompetent Hosts

Toxoplasmosis in those with normal immune
mechanisms is usually a self-limited disease and
does not require drug therapy. No drugs
currently available are capable of eliminating
the bradyzoite cyst stage, and therefore do not
eradicate infection. Indications for treating
immunocompetent adults are thus limited to
control of clinically severe or persistent disease,
and to the prevention of future pathology in
infected infants and pregnant women. Treatment
during pregnancy is aimed at prevention of fetal
infection, or minimizing fetal damage if infection
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broaches the placenta. Treatment of the infected
infant is required to prevent unchecked damage
that will result in symptomatic disease. Manage-
ment of gestational and neonatal toxoplasmosis
is covered below. Clinical situations requiring
treatment of immunocompetent adults include
severe or protracted lymphadenitis and retino-
choroiditis. Indications for treating lymphaden-
itis include symptomatic disease that persists for
a month or more, especially if fever or fatigue is
manifest. Treatment with the standard regimen
of pyrimethamine and sulfadiazine for 2—4 weeks
is usually recommended. Retinochoroiditis in-
volving the macula or causing significant vitreous
inflammation should be treated for 1 month with
both anti-Toxoplasma drugs and corticosteroids
to reduce inflammation (Tabbara, 1995). Im-
munosuppressed patients require continued
therapy to control progressive disease, which
must be extended for the period of cell-mediated
immunosuppression in order to prevent relapse.

Management of Toxoplasmosis in Pregnant
Women and Treatment of Congenital
Disease

Screening for Toxoplasma seroconversion in
pregnancy is established practice in western
Europe, where rates of maternal infection are
high and the system for sampling and uniform
analysis of specimens has been centralized in
public health facilities. In the USA, rates of acute
maternal infection are thought by many to be
below the threshold of cost-effectiveness, and
neither uniform recommendations for prenatal
screening have been accepted, nor are the
laboratory resources available for uniform serol-
ogy or amniotic fluid analysis. As an alternative
approach, screening of newborns for IgM anti-
bodies to T. gondii is practiced by several state
public health laboratories in the USA to identify
subclinical as well as symptomatic congenital
infections. Neither approach is financially feasi-
ble in developing countries, even where rates of
maternal infection are high.

Spiramycin (3—4 g/day in divided doses) is
recommended for treatment of pregnant women
with evidence of recent T. gondii infection until it
can be determined whether the fetus is infected

by assay of amniotic fluid. If the fetus is
determined to be infected in utero after the first
trimester, when pyrimethamine is contraindi-
cated because of teratogenic potential, therapy
with pyrimethamine, sulfadiazine and leukovorin
are given until delivery. If direct evidence of fetal
infection is not produced, the pregnancy should
be monitored by periodic fetal ultrasonography
and spiramycin continued. Repeat amniocentesis
is indicated if signs of fetal infection are found.
The newborn should be tested for infection at the
time of delivery and treated for congenital
disease if evidence of infection is found. Several
treatment regimens have been employed for
congenital toxoplasmosis, differing in dosage
and drug combinations, but it is clear that
treatment must be continued for at least 1 year.
A practical dosage regimen of pyrimethamine
and sulfonamides has been described by a
collaborative congenital toxoplasmosis treatment
trial, based at the University of Chicago (Dr
Rima McLeod, 773-834-4125) (McAuley et al.,
1994). This is a continuous regimen of pyri-
methamine, sulfadiazine and leukovorin in
specific formulations that are practical to admin-
ister to infants. Prednisone is recommended when
active retinochoroiditis is present or if CSF
protein levels exceed 1000 mg/dl. This approach
has been found to decrease the long-term
sequelae of developmental delay, hearing and
visual problems and seizure disorder in most
treated infants.

Treatment of Acute Disease in
Immunocompromised Persons,
Maintenance Therapy and Prophylaxis

Active toxoplasmosis in immunosuppressed
patients is a potentially lethal disease and
requires therapy until symptoms resolve and for
4-6 weeks thereafter. Following acute therapy, a
prophylactic regimen should be continued for the
duration of functional immunosuppression. The
standard combination of pyrimethamine, sulfa-
diazine and leukovorin is the mainstay of
therapy, but reactions to one or more of these
drugs may require alternative regimens, espe-
cially in patients with AIDS. Clindamycin 600 mg
orally or intravenously four times/day in
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combination with pyrimethamine at standard
dosage has been used for treatment of adult
AIDS patients with toxoplasmic encephalitis who
have had serious reactions to sulfonamides. This
combination also has a high incidence of serious
side-effects. Alternative regimens include pyri-
methamine and leukovorin, with the addition of
atovaquone (Anonymous, 2000), or clarithromy-
cin, azithromycin or dapsone (Montoya and
Remington, 2000).

Secondary prophylaxis or maintenance ther-
apy should be continued for the duration of
immunosuppression (Kovacs and Masur, 2000).
The most effective regimen is the combination of
sulfadiazine 500-1000mg four times/day and
pyrimethamine 25-75mg/day with leukovorin
10 mg/day. An alternative is clindamycin 300 mg
orally four times/day, or 450mg orally three
times/day with oral pyrimethamine 25-75mg/
day and oral leukovorin 10-25mg/day. Primary
prophylaxis to prevent reactivation of toxoplas-
mosis should be given to all HIV-infected persons
who have a positive serological test for anti-
bodies to T. gondii and CD4* T lymphocyte
counts less than 100/ul of blood. Trimethoprim—
sulfamethoxazole, one double-strength tablet
orally per day, is the first choice for this indication,
but all regimens used for Pneumocystis carinii
are effective for primary prophylaxis, except
aerosolized pentamidine (Kovacs and Masur,
2000). Trimethoprim—sulfamethoxazole, one single
strength tablet/day or the combination of dap-
sone 50 mg/day plus pyrimethamine 50 mg/week
(with leukovorin 25mg/week) or atovaquone
(750 mg suspension twice daily) are alternatives
(Kovacs and Masur, 2000).

PUBLIC HEALTH STRATEGIES FOR
CONTROL OF TOXOPLASMOSIS

Educational programs to raise awareness of the
routes of acquisition of Toxoplasma in pregnancy
have shown some success (Carter et al., 1989;
Henderson et al., 1984). Pregnant women with-
out pre-existing specific antibody to Toxoplasma
should avoid exposure to infective oocysts in cat
litter boxes or in soil that has been contaminated
with cat feces. Cats that have been raised entirely
on commercial feed and have not hunted birds or

rodents have low incidence of toxoplasmosis, and
pose little risk of transmission. Hand washing is
the most practical and important preventative
measure to be recommended, to decrease the
ingestion of both oocysts and tissue-born brady-
zoite cysts from raw meat. Incidental transmis-
sion of oocysts may be facilitated by insects such
as cockroaches (Chinchilla et al., 1994) and dogs
that roll in cat feces may carry infectious oocysts
on their fur (Frenkel, 1995; Frenkel et al., 1995).

A live vaccine, based on a strain of T. gondii
that does not persist in the tissues of vaccinated
animals, is available in New Zealand, the UK
and Europe, that prevents 7. gondii abortion in
sheep (Buxton and Innes, 1995). This may
decrease the incidence of 7. gondii infection
among herds and eventually decrease the burden
of infectious cysts in meat. Careful husbandry
practices in swine, including cooking feed and
excluding cats from farms, may decrease Toxo-
plasma levels in herds. A live vaccine using a
mutant strain of 7. gondii (T-263) is under
development in the USA to reduce oocyst
shedding by cats (Choromanski et al., 1995). It
will not change the epidemiology of disease, but
could be recommended to cat owners who are
willing to pay to decrease the risk of transmission
of toxoplasmosis from their pets. The possibility
of a human vaccine is still remote. No drugs are
available that can eradicate tissue cysts in animal
tissues. Freezing to —12°C, cooking to an
internal temperature of 67°C, or y-irradiation
(0.5kGy) will kill tissue cysts in meat. Drying
meat does not reliably kill cysts.
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