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Relationship between Malarial Parasitaemia
and Symptoms of the Disease*

A Review of the Literature
Sir GORDON COVELL, M.D., D.P.H.'

The relationship between parasitaemia and the clinical manifestations of malaria is
a highly complex subject, considered by the WHO Expert Committee on Malaria which
met in September 1958 to warrant further investigation since it has an important bearing
on the organization of eradication programmes. As a first step, the author has reviewed
the existing literature on such aspects ofmalaria epidemiology as the prevalence ofgameto-
cytes at various stages of a malarial infection, the limit of infectiousness of the human
host, the period ofsurvival of the malaria parasite in man, and the development ofimmunity
through repeated infection. From this study of the works published during the past 60 years,
he concludes that much more information as to the role of asymptomatic parasitaemia in
the transmission of malaria is required and suggests that it will best be obtained through a
critical analysis of the data recorded during the eradication campaigns now under way in
many countries.

INTRODUCTION

In the report of the WHO Expert Committee on
Malaria which met at Lisbon in September 1958
(WHO Expert Committee on Malaria, 1959), the
need was expressed for further investigation of the
relationship between parasitaemia and the clinical
manifestations of malaria, on the grounds that this
subject has an important bearing on the techniques
of surveillance at various stages of an eradication
programme. With this consideration in mind, a
critical study has been made of the literature relating
to malaria epidemiology which has been published
during the past 60 years.
The number and diversity of the different factors

involved render the subject under review one of
great complexity. Perhaps the most important of
these factors is the degree of immunity, or tolerance,
to malaria prevailing among the individuals or
community under investigation, a point which must
be constantly borne in mind when data from any
source are submitted to analysis. Particular care
must be taken in the interpretation of reports dealing
with researches on induced malaria in non-immune

* This article will also be published, in Spanish, in the
Boletin de la Oficina Sanitaria Panamericana.

I Director, Malaria Reference Laboratory, Horton Hos-
pital, Epsom, Surrey, England.

subjects; for while such data may be applicable in
areas of low endemicity subject to periodical
epidemics, they are unlikely to reflect accurately the
conditions prevailing in a zone where communal
immunity is maintained at a constantly high level
by repeated infection throughout the greater part
of each year.

It must also be remembered that the great majority
of these subjects have been treated with antimalarial
drugs at some period of their infection, and this
must inevitably modify the course of the disease,
particularly in respect of the pattern of relapse.
The more important published works consulted

are given in the list of references appended to this
review.

EARLY FIELD INVESTIGATIONS

The earliest publications bearing on the epidemi-
ology of malaria are the reports of Stephens &
Christophers on their researches in West and Central
Africa in 1899-1900, and of Robert Koch on his
investigations in East Africa and Indonesia during
the same period. Stephens & Christophers concluded
that the major source of malaria among European
immigrants in tropical Africa was the apparently
healthy children living in the quarters of the ser-
vants and labourers and in the native villages.
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Of these, 50-90% were found to be infected with
malaria on the basis of a single thin blood-film
examination, all the smears examined being from
children running around and seemingly in normal
health. Infants and small children showed the
highest rate of infection, and in one village 8 out
of 15 were found to have crescents in the peripheral
blood. There was also a very high rate of malaria
in military cantonments, in one of which 17 out of
25 children were found with parasites, 6 of them
harbouring crescents. A table was included in the
report " to show increasing immunity with age of
native children ". In adults, parasites were rarely
found, and it was suggested that the immunity of
African races may be an acquired one, resulting
from repeated infection during childhood.

Robert Koch, working in a highly malarious area
of Java at this period, also observed that while
large numbers of parasites were detectable in the
blood of children, relatively few were to be seen
in adults. He argued that all persons harbouring
malaria parasites are in fact ill, and that treatment
should be given not only to those who ask for it
but to all latent cases also (Koch, 1900).
The existence of immunity to malaria and the

importance of asymptomatic parasitaemia as a
factor in transmission were thus clearly recognized
60 years ago. The role played by asymptomatic
carriers in the epidemiology of human malaria was
also emphasized by Berestnew in Russia as early
as 1903 (Bruce-Chwatt, 1959).

In subsequent years, reports were published on
numerous malaria surveys conducted in various parts
of the world. In most of these, blood examinations
of apparently healthy subjects have been recorded,
indicating the wide prevalence of asymptomatic
parasitaemia wherever the disease is endemic.
An outstanding contribution to our knowledge

of malarial epidemiology was that of Schuffner
(1919), based on studies conducted in certain villages
in Sumatra. Prior to the appearance of this paper,
the theory advanced by Koch (1898) that the
production of gametocytes is a response to the
process of immunization in the host was widely
held. This theory, noted by Stephens & Christophers
(1908), was supported by D. Thomson (1911), Mac-
Gilchrist (1915) and others, although Ross (1910)
had stated that in his experience crescents, though
common during the first few months of an infection,
were comparatively rare at later stages. Schuffner
pointed out that if Koch's concept were correct,
the number of gametocytes ought to increase with

growing immunity. His findings proved conclusively
that the very opposite is the case, and that the
gametocyte output is not associated with immunity,
but is reversed during that process.

In an area of chronic high endemicity (which would
now be termed holoendemic), Schuffner found that
crescent carriers were most numerous in children
from 1 to 3 years of age. In the first two years of
life, 51 % of the children infected with Plasmodium
falciparum were found to harbour crescents. In
adults, the proportion was only 8 %, and of these
more than half were judged to be non-infective on
account of the low density of gametocytes. In an
area affected by acute epidemic conditions, all
ages were equally parasitized, the crescent rate was
high in all groups and the crescent count per mm3
of blood was very much higher than that in the
holoendemic zone. Three-quarters of those showing
P. falciparum parasites were found to harbour
crescents, as compared with one-fifth in the area
of chronic high endemicity.

Schuffner's findings were corroborated in the
intensive study by Christophers (1924) of a holo-
endemic community in Singhbhum, India, and
supported by statements of the numerical value of
each individual infection encountered. They have
subsequently been confirmed by the studies of
Covell & Baily (1927, 1932, 1936) in the Andaman
Islands, India, and Sind, Pakistan, by Wilson (1936b)
and Garnham (1949) in East Africa, by Barber &
Olinger (1931) in West Africa, by Schwetz (1933) and
Duren (1937) in the Belgian Congo, by Farinaud &
Prost (1939) in Cambodia, by Swellengrebel (1949)
in New Guinea and by many others.
A study of 1007 schoolchildren in Freetown,

Sierra Leone, by Macdonald (1926) is of particular
interest. Although all appeared to be in normal
health, malaria parasites were found in 72% of
those living in a hyperendemic area, and 57% of
them had temperatures of over 100°F (38°C).
Of those living in a less heavily infected area, the
corresponding figures were 41 % and 34%. Mac-
donald also examined the blood of 86 children daily
for 7 days. Only 48% showed parasites at the first
examination, but by the end of the week positive
results had been recorded in 85 %.

STUDIES RELATING TO THE INFECTIOUSNESS
OF THE HUMAN HOST

The earliest attempt to determine the limit of
malarial infectiousness of man to the mosquito was
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made by Darling (1910), while working among
labourers employed in the Panama Canal Zone in
1908-09. It had been noted that many of the patients
discharged from hospital after the subsidence of
clinical symptoms showed parasites in the peripheral
blood, and the investigation was initiated to provide
a basis for recommendations as to their further
treatment. The limit of infectiousness was estimated
by Darling to be approximately 1 gametocyte to
every 500 leucocytes, or 12 per mm3 of blood.
The subjects of these experiments were patients
naturally infected with P. falciparum, and the
mosquitos which became infected by feeding on them
were Anopheles albimanus.

Darling was at pains to point out that several
factors are concerned in the transmission of malarial
infection, such as the number and phagocytic power
of leucocytes, variations in the susceptibility of
mosquitos, and the relative proportion of male and
female gametes. He estimated that 97% of the
ingested gametes may fail to develop, and cited
instances in which mosquitos feeding on certain
patients failed to transmit the disease, although
their blood was rich in crescents which exflagellated
in vitro and in the mosquito's stomach.

Darling also examined the blood of a number of
Spanish labourers engaged on the construction of
the Panama Canal during the dry season, when few
mosquitos were breeding, and found a large pro-
portion with parasitaemia. He concluded that it
was this latent untreated malaria which contributed
largely to the preservation of the malaria parasite
and to the infection of anophelines in tropical
communities when, after the onset of the rainy
season, mosquitos begin to breed in large numbers.

Since the pioneer studies of Darling, a number of
other investigators have sought to determine the
limit of infectiousness of the human host. Schuffner
(1919) in Indonesia adopted a standard of 1 crescent
to 300 leucocytes in his calculations of infectivity.
Mayne (1920) infected A. albimanus with blood
containing 1 P. vivax gametocyte to 650 leucocytes.
Swellengrebel et al. (1937) in the Netherlands found
that persons with as few as 1 P. vivax gametocyte to
1000 leucocytes could infect a low proportion of
A. atroparvus, while those with 1 per 100 leucocytes
could infect 60% or more of mosquitos of that
species feeding on them.
Green (1929) in Malaya, working with A.

maculatus, concluded that no true correlation exists
between the numbers of gametocytes and the power
to infect. The minimum number found necessary

to infect A. maculatus in his experiments was:
for P. falciparum, 1: 200 leucocytes (42 per mm3 of
blood); for P. vivax, 1 : 1000 leucocytes (10 per mm3);
for P. malariae, 1: 300 leucocytes (27 per mm3).1
In several cases patients with only a few gametocytes
proved infective, while others with many more
were not so. The highest number of gametocytes
when no specimen of a batch of A. maculatus became
infected was: for P. falciparum, 60:100 leuco-
cytes (2310 per mm3); for P. vivax, 12: 100 leuco-
cytes (900 per mm3); for P. malariae, 6: 100 leuco-
cytes (300 per mm3).

Failures with P. vivax, P. falciparum and P.
malariae were reported by James (1931), using
A. atroparvus, when gametocyte densities were
even higher than those with which Green obtained
negative results. It was his practice to judge infecti-
vity on the basis of exflagellating male forms, but
for P. falciparum and P. malariae even the presence
of exflagellating males in considerable numbers did
not prove a sure sign that A. atroparvus would
become infective. He concluded that the number of
gametocytes is less important than their " quality ".
James also remarked on the varying receptivity of
different individuals of the same batch of mosquitos,
a feature noted by Darling (1910), by Wenyon
(1921) and by Shute (1951). Shute reported a
variation in the number of oocysts from nil to 738
in a batch of 28 A. atroparvus fed on a single occasion
on a P. vivax case.
Cambournac (1942), in Portugal, reported success-

ful infections of A. atroparvus with P. vivax, P.
falciparum and P. malariae with 4 to 6 gametocytes
to 100 leucocytes (250-300 per mm3).
Toumanoff & Hoang-Tich-Try (1939), in an

area of Tong-king where A. minimus is the vector,
found that where the gametocyte index was below
10% the infection rate was 4.08%; with an index
of 10-20% the percentage rate was 4.51; of 20-30%,
4.84; of 30-40%, 5.55; and of above 40%, 7.66.
They concluded that a reduction of the gametocyte
index from 40% to less than 10% would have
only a negligible effect on the infection rate of
mosquitos.

Jeffery & Eyles (1955), using A. quadrimaculatus
and A. albimanus, found that mosquitos frequently
became infected with strains of P. falciparum from
Panama and South Carolina when fed on subjects
with gametocyte densities of less than 10 per mm3
of blood.

1 In none of these experiments, however, were sporozoites
of P. malariae found in the salivary glands.



608 G. COVELL

Kligler & Mer (1937) in Palestine supported the
contention of Darling (1910), Green (1929) and
James (1931) that infective carriers are not necessari-
ly those with the greatest density of gametocytes.
These workers found that sometimes only 5 game-
tocytes per mm3 of blood, or 1-2 per thick drop,
gave a relatively high percentage of infected A.
sacharovi, while in other trials large numbers of
gametocytes yielded negative results.
Knowles & Basu (1943) in Calcutta found that with

both P. falciparum and P. vivax less than 40 game-
tocytes per mm3 of blood could infect A. stephensi.
MacKerras & Aberdeen (1946) in New Guinea

concluded that the minimum number of gameto-
cytes necessary to infect A. punctulatus farauti was
40 per mm3 for P. falciparum and 10 for P. vivax.
They pointed out that if these standards were
correct, infants would be the sole native source of
infection with P. falciparum, the children and adults
having too few gametocytes.

In recent years a number of studies have been
undertaken in the USA with the object of assessing
the hazard of mosquitos becoming infected from
feeding on personnel returning from service abroad,
particular attention being directed to the subject of
asymptomatic parasitaemias.
Watson (1945), from investigations on 87 soldiers

with P. vivax infections incurred in the Pacific area,
found the highest infection rate in A. quadrimaculatus
which had fed on patients with asymptomatic para-
sitic relapses.

Eyles & Young (1948) made observations on
731 army personnel, of whom 563 were from the
Pacific and 155 from the Mediterranean area. They
concluded that in P. vivax infections asymptomatic
malaria may occur (a) just before a relapse, when
parasites may be present in the blood for from one
to several days; (b) during intervals between clinical
episodes, when parasites may be present without
symptoms, usually for transient periods and in low
density; and (c) following the last clinical relapse of
the disease in man.

In a further series of studies, Eyles, Young &
Burgess (1948) fed large numbers of A. quadrimacu-
latus on 35 asymptomatic cases of P. vivax malaria
from army units repatriated from the Pacific and
Mediterranean areas, and concluded that such
persons were potentially infective to mosquitos
whenever parasites were found. Their results differed
from those of Watson cited above in that the
infection rate was significantly lower in mosquitos
fed on asymptomatic cases than in those fed on

patients with clinical symptoms. Infection in the
mosquitos fed on asymptomatic and symptomatic
cases varied directly in intensity with the total
parasite count, the lower counts of the asymptomatic
cases resulting in lower infection rates. Similar
ratios of male gametocytes to total parasites held
for both groups of parasitaemia.
The researches cited above were in respect of

relapsing cases of P. vivax malaria. Jeffery (1952)
investigated the infectivity of 24 patients inoculated
with a Pacific strain of P. vivax during the early
primary parasitaemia. Batches of A. quadrimaculatus
feeding on the fourth day of demonstrable parasi-
taemia became infected two days before gameto-
cytes could be detected in the blood and two days
after the onset of fever. It was concluded that these
early parasitaemias might be of epidemiological
importance; even in an area where adequate thera-
peutic measures were available, the primary attack
would provide a reservoir for mosquito infection
before it could be terminated or suppressed. In
indigenous populations of endemic areas, it would
be unusual for the naturally acquired P. vivax infec-
tion to be terminated or suppressed before the
infected individual became a potential source of
mosquito infection.

Shute & Maryon (1957), in a study involving
54 patients inoculated with the Madagascar strain
of P. vivax, succeeded in infecting A. atroparvus in
32 cases before gametocytes were detected in the
peripheral blood, while in 22 cases mosquitos
became infected on the first day that gametocytes
were found. The earliest infection occurred two
days after the appearance of fever or parasitaemia.
Like Jeffery, they noted that in an endemic area not
many patients would receive treatment as early as
the third day of the primary attack, by which time
they might have infected mosquitos.

In a further study, Shute & Maryon 1 kept I1
patients, inoculated with the same strain of P. vivax,
under continuous observation from the termination
of the primary attack (described as " inadequately
treated") until a relapse occurred. None of these
patients infected mosquitos on the first or second
day of parasitaemia, but all of them infected mos-
quitos at some time during an asymptomatic period.
The shortest asymptomatic period was 3 days and
the longest 6 days.

1 Shute, P. G. & Maryon, M., A study of the infectivity
of patients to mosquitos in the asymptomatic phase of para-
sitic relapses of induced infections with P. vivax (Unpublished
working document WHO/Mal/233, 13 July 1959).
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With regard to P. falciparum malaria, Swellen-
grebel et al. (1931) in South Africa estimated that
crescent densities of only 1: 5100 leucocytes may
infect anopheles. Robertson (1945), working with
A. gambiae in West Africa, recorded infections at
thresholds below 3 crescents per 1000 leucocytes.
In one batch of 13 A. gambiae, one specimen became
infected when the crescent density was 0.7 per 1000
leucocytes (less than 5 per mm3 of blood).
Draper (1953), in Nigeria, found a positive

correlation between the probability of A. gambiae
becoming infected and the gametocyte density of
the human host, the rate of infection varying from
5% with densities less than 100 per mm3 of blood
to 50% with those above this figure.
Muirhead-Thomson (1954), also in West Africa,

found that 25% of human carriers were infective to
mosquitos at a time when crescents were so scanty
as to be scarcely detectable in a thick blood-film.
On the other hand, about 10% of crescent carriers
were non-infective at a time when crescents were
abundant in the blood. He suggested that trial
mosquito feedings on representatives of a population
rather than the customary criterion of blood-film
examinations would be a more reliable guide to
infection in nature.' He concluded that the older
children may be a greater source of infection than
the infant group, despite the high gametocyte rate
in the latter, and that under hyperendemic conditions
adults may be a more important reservoir than had
usually been considered.
Young et al. (1948), following up their studies on

the infectivity to A. quadrimaculatus of indigenous
malaria in South Carolina, found that the majority
of P. falciparum infections encountered resulted
from feeds on subjects showing fewer than 10
crescents per mm3 of blood.
Boyd & Kitchen (1937b), from studies on

induced malaria, concluded that for infection of A.
quadrimaculatus, the desirable ratios are approxi-
mately 2 gametocytes to 100 leucocytes (100 per
mm3) for P. vivax and 22: 100 (1100 per mm3) for
P. falciparum. They noted, however, that these
data have little epidemiological significance, for
the latter viewpoint requires figures illustrating
the minimal gametocyte density capable of producing
the least possible infection of anopheles. Boyd

I In a later study (Muirhead-Thomson, 1957), 347
Africans of all ages were tested in this manner, the results
indicating that under hyperendemic conditions adults and
adolescents form at least 30 % of the total reservoir of
malarial infection in the human population.

(1949a) notes that the appraisal of published data is
difficult because insufficient consideration has been
given to the minimal level of infectiousness.

" Obviously a patient is noninfectious if at any given
moment he could not infect a single one of any number
of anophelines which might feed upon him. Conversely
he must be considered infectious if only one oocyst
develops in the stomach of but a single one of any
number of anophelines applied and feeding. The infec-
tiousness of such a patient would usually escape detection,
and for the time being, at any rate, he would usually be
placed in the noninfectious category. Probably the
greater number of infected mosquitoes encountered in
nature have acquired infection from donors in a border-
line position." (p. 611)

.. . With both species of parasites [P. vivax and P.
falciparum], the qualitative incidence of infection in the
individual mosquitoes comprising the lots (percent
infected) varies directly with the quantitative infection
(number of cysts) in individual infected mosquitoes. It
is, however, evident that the incidence of infection de-
veloping in mosquitoes is unpredictable, and gives cre-
dence to the present view that some undefinable character-
istic of the gametocytes, expressed as ' quality ', is an all
important characteristic." (p. 613)

Young and his colleagues (1948) in the USA have
also studied intensively the infectivity of P. falci-
parum malaria to mosquitos. They fed batches of
A. quadrimaculatus on Negroes living in South
Carolina, and known to have had malarial attacks
in recent months, irrespective of whether gameto-
cytes, or even parasites of any sort, had been
detected in the peripheral blood. Of 124 patients
with P. fakiparum infections 25 showed gameto-
cytes, all in low density, and 16 of these infected
mosquitos. Some patients showed no parasites at
all, yet 4 of these proved infective. Patients without
symptoms were just as infective as those obviously
ill. As the former group was nearly five times as
numerous as the latter, it was concluded that
asymptomatic parasitaemias were mainly res-
ponsible for the spread of the disease. One patient
remained infective throughout a period of 12 months'
observation. The majority of the infections resulted
from persons showing less than 10 crescents per mm3
of blood. It was concluded that the patient with
an asymptomatic parasitaemia, usually with a
relatively low gametocyte density, is the important
factor in the transmission and maintenance of both
P. Jalciparum and P. malariae in the area studied.
The importance of asymptomatic carriers in

malaria transmission has also been stressed by
Schwetz & Baumann (1929) in the Belgian Congo,
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by Swellengrebel et al. (1936) and Kraan (1957) in
the Netherlands, by Gabaldon & Guerrero (1959)
in Venezuela, by Rao 1 in India, and others.

Attempts have been made by several workers to
determine the limits of infectiousness in P. malariae
infections, but no clear-cut picture such as that
arrived at for P. falciparum and P. vivax malaria has
emerged. The small number of gametocytes present
in the peripheral blood at any one time and the dif-
ficulty of identifying individual gametocytes are un-
favourable factors, and attempts to effect mosquito
transmission under experimental conditions have
more often than not ended in failure. Stephens &
Christophers (1902) in India succeeded in producing
infection in A. culifacies up to the sporozoite stage.
Green (1929) in Malaya infected A. maculatus up
to the oocyst stage in 33% of insects when the game-
tocyte count was 168 per mm3 of blood, but in
another series where the count was 300 per mm3,
the results were negative. As noted earlier, in none
of his experiments were P. malariae sporozoites
found in the salivary glands.
De Buck (1935) in the Netherlands transmitted

P. malariae with one batch of A. atroparvus when
the gametocyte count was 12 per mm3, but the
results with other batches were unsuccessful. Mer
(1933) in Palestine effected transmission with
A. sacharovt with counts varying from 56 to 120 per
mm3. Siddons (1944) in India reported transmission
with A. culicifacies in one case with counts of
300-600 per mm3, and Boyd & Stratman-Thomas
(1933, 1936) in the USA, using A. quadrimaculatus,
were successful in five cases at similar gametocyte
densities.
Camboumac (1942), in Portugal, estimated that

a minimum of 1 male and 5 female gametocytes
per 100 leucocytes was necessary to secure infection
with P. malariae in A. atroparvus. Young & Burgess
(1947) in South Carolina, using A. freeborni and A.
quadrimaculatus, effected transmission with both
these species when the gametocyte count was 67 per
mm3 of blood.

Shute & Maryon (1951b), after many years of
failure with A. atroparvus, succeeded in effecting
transmission of P. malariae through two successive
generations with A. stephensi imported into England
from India. But they were unable to correlate the
number of gametocytes with the borderline of

1 Rao, B. A., Frequency of parasitaemia and gameto-
cytaemia in the fever cases or in feverless subjects with en-
larged spleens (Unpublished working paper submitted to
the WHO Expert Committee on Malaria, September 1958).

infectivity. On some occasions they found male
gametocytes far in excess of 12 per mm3 and at least
an equal number of females, yet batches of mosquitos
fed on the carrier proved negative. On others they
succeeded in infecting mosquitos when they had
failed to find a single typical gametocyte after
prolonged search. They estimated that 6 male
gametocytes per mm3 of blood are capable of pro-
ducing infection in certain species of anopheles.

Subsequently, the same authors (1955) reported
successful transmission of P. malariae by laboratory
bred A. atroparvus in a single instance.
For accurate assessment of the infectiousness of a

community, observations made periodically over a
prolonged period are desirable. Several observers have
recorded data at monthly intervals (J. G. Thomson,
1935; Wilson, 1936a; Garmham, 1949; Bruce-Chwatt,
1952). Earle & Perez (1939) in Puerto Rico and Hill
et al. (1943) in Portugal made observations at weekly
intervals. In the former study the proportion of days
of asymptomatic to those of symptomatic parasit-
aemia was 9:1, in the latter, 4.7:1.
Most of the reports cited above related to children

only, but Miller (1958) in Liberia and Bruce-Chwatt 2
in Nigeria have undertaken intensive studies on
African adults.

Miller observed a group of 20 Africans over a
period of one year in a highly endemic area. Blood
smears from each subject were examined on every
second day, at least 150 fields of a thick film being
searched before a negative result was recorded.
None of the group received specific antimalarial
treatment at any time during the investigation. Ten
children, aged 3 to 7 years, were similarly studied
over a period of 71 days, but these, unlike the adults,
were protected from further mosquito infection
throughout the experiment.
Of the adults, 19 of the 20 were found positive

for malaria parasites during the year. There was
a wide variation in the number of days positive
for parasites (from 1 to 294), but the average for
the group was 76 days, or 21 % of the period of
observation. P. falciparum parasites were seen in
19% of examinations and P. malariae in 2%.
Crescents were seen in the blood of 16% of all
examinations. Although P. malariae was seen in
only 2% of examinations, it occurred throughout
the year in 10 of the 20 subjects.

2Bruce-Chwatt, L. J., A longitudinal survey of natural
malaria infection in a group of West African adults (Un-
published working paper submitted to the WHO Scientific
Group on Malaria Research, Geneva, November 1959).
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Of the 20 adults 16 had one or more attacks of
clinical malaria during the year; 5 suffered one
attack; 6, two attacks, and 5, three attacks. There
were thus 32 malarial attacks in all, or approxima-
tely 1.5 per subject per year. Thirty were caused by
P. falciparum and the remaining two by P. malariae.
The 32 attacks caused 130 days of morbidity, an
average of 6.5 days per person per year.
Among the children, parasites were found in

85% of all examinations, and P. malariae was
relatively much more common, the ratio of P. falci-
parum to P. malariae being approximately 6:4, as
against 10:1 in adults. The proportion of days of
asymptomatic to symptomatic parasitaemia in
adults was 12:1. For children it was 18:1 in P.
falciparum infections and 3.3:1 in P. malariae
infections.

In the experiment recorded by Bruce-Chwatt,
24 adult Africans were examined weekly over a
two-year period, and 46 others at the same intervals
for 12 months, a minimum of 200 fields of a thick
film being examined before a blood smear was
returned as negative. The subjects were patients in
the Psychiatric Hospital at Yaba, near Lagos.
Of the 24 subjects followed up for two years,

13 presented mild clinical symptoms throughout
this period. Of the 46 followed up for one year
only, 22 presented clinical symptoms. No specific
treatment was given, and all attacks were mild, none
exceeding five days. The over-all mean density of
P. falciparum parasitaemia coinciding with symptoms
was 3890 per mm3. Only two of the first group and
three of the second returned negative blood films
throughout the period of observation. Superinfec-
tion with a strain of P. falciparum which may con-
ceivably have been heterologous was attempted in
22 cases. Four of these remained consistently
negative for malaria parasites for two months after
inoculation. Two others were not seen regularly,
so were excluded. In the remaining 16 a parasitic
wave followed superinfection. Clinical symptoms
were virtually absent except in four cases, from which
it was concluded that the immunity of adult Africans
protects more effectively from symptoms than from
a temporary wave of parasitaemia.

It is unfortunate that from neither of these care-
fully documented reports is it possible to assess
with any accuracy the infectiousness of adult African
carriers of gametocytes to the local population. In
the Liberian report there is no mention of any
attempt to infect mosquitos. In the Nigerian
experiment such an attempt was made, but the high

mortality amongst the mosquitos used and certain
other features prevented the drawing of any valid
conclusions in this respect.

OBSERVATIONS ON THE PRODUCTION AND PREVALENCE

OF GAMETOCYTES

The prevalence of crescents in the blood-stream
at various stages of a P. falciparum infection and
their length of survival in the human host has been
studied very extensively. As far back as 1890,
Bignami & Bastianelli made the following observa-
tions: 1

" On the 7th or 8th day of the disease there are found
in the blood extracted from the spleen, and exceptionally
also in the blood of the finger, endoglobular pigmented
corpuscles, ovoid or spindle-shaped, the evolution of
which may be traced up to the adult crescent-shaped
form. During the first paroxysms the blood of the spleen,
especially if it be taken near the beginning of the paro-
xysm, usually shows the presence of round corpuscles
within the red corpuscles, with central pigment, in some
of which the formation of spores may be seen to be
proceeding; but after a variable number of paroxysms,
a certain number of corpuscles with central pigment,
instead of advancing to sporulation, take the ovoid or
spindle-shaped form and develop into the falciform body.

" The presence of these corpuscles, as soon as they can
be differentiated, may be generally apparent about the
7th day from the beginning of the infection; but in some
cases they have been found on the 5th or 6th day on
examination of the blood of the spleen; in severe infec-
tions, when the corpuscles were in great abundance, they
have even been detected in the blood of the finger at that
date. If we only study the blood of the finger, instead
of that of the spleen, it frequently happens that we find
bodies of the crescent-shaped phase only on the 8th or
9th day; but in these cases we have nearly always to do
with bodies which are already well-developed.

" After the formation of the young crescent-shaped
forms has thus commenced, on an average towards the
7th or 8th day of the disease, their production continues
with each successive paroxysm, so that after a series of
attacks the blood contains an accumulation of crescent-
shaped forms.

" Whether the fever ceases spontaneously, or this is
brought about by the action of quinine, the crescent-
shaped forms continue to be seen in the blood for one
or two weeks; as a rule, after 9 or 10 days of freedom
from fever they diminish considerably in number, and
then disappear in a few days."

1 The passages quoted are taken from an English trans-
lation (Marchiafava & Bignami, 1894) of the original text.
The word " corpuscle " obviously refers to the parasite
within the red cell.
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From the above extract it is clear that even at this
early date the essential features of the production
of crescents and -their pattern of prevalence in the
blood-stream at various stages of an infection were
known to the Italian workers.
The observation that crescents begin to appear

in the peripheral blood about ten days after asexual
forms are first detected has been confirmed by
Buchanan (1902), Stephens & Christophers (1908),
D. Thomson (1911) and many others. Thomson, by
the thick-film method, found crescents on about the
fifth day of the febrile attack, but remarked that
asexual parasites can exist in the blood in numbers
as great as 2000 and, rarely, 10 000 per mm3 without
producing any temperature reaction, and that those
crescents seen on the fifth day of fever correspond
to the asexual parasites that existed in the blood
five days before this paroxysm. Christophers (1924)
noted a general correlation between asexual proli-
feration and the number and numerical value of
crescent infections. Sinton et al. (1926), Kitchen &
Putnam (1942) and others have observed a positive
correlation between the numerical prevalence of
asexual parasites and the number of crescents which
appear in the blood some ten days later.

Earle & Perez (1936), who made weekly blood
examinations of a group of children over a period
of three years, concluded that there is no way of
predicting the presence of gametocytes in the blood,
citing two cases in particular. In the first, crescents
appeared on the 14th day of parasitaemia and
persisted for two weeks in sufficient numbers to
infect mosquitos. Four months later parasitaemia
recurred without clinical symptoms, and crescents
were present in fair numbers over a period of 18
days. The second case had been under observation
for two months, during which asexual parasites of
P. vivax and P. falciparum were present in the blood
in small numbers, without causing symptoms. Then,
in two successive examinations five days apart,
crescents were found, the counts being 138 and 348
per mm3, respectively.

Shute & Maryon (1951a), in studies of P. falcipa-
rum infections from East and West Africa, India and
Southern Europe, noted that gametocytes were
never seen even in thick films for at least eight days
after invasion of the blood by asexual parasites in
detectable numbers, and that these early forms
require several days for maturation. Although on
many occasions gametocytes were not seen in the
primary attack for about three weeks, they were
found from two to four days after the onset of a

recrudescence. They concluded that gametocytes
evolve from asexual parasites circulating in the
blood during remissions between attacks.
As regards length of survival of gametocytes in

the human host, Thomson (1911) estimated that
the life of a crescent does not exceed 20 days, but
that crescents may be present in the peripheral blood
for as long as 8 weeks, not because individual
crescents survive for that length of time, but because
their numbers are constantly replenished from
surviving asexual forms.

Sinton et al. (1926) estimated that the life of a
crescent may be as long as 40 to 50 days in the
peripheral blood, but that the great majority dis-
appear within three weeks after the sexual cycle
has been destroyed. Shute & Maryon (1951a)
considered the maximum longevity of individual
crescents to be about 60 days.
As noted earlier, in epidemic malaria among

semi- or non-immune populations, gametocytes are
extremely common, and appear in all age-groups
(Schuffner, 1919). When malaria is endemic, but at a
low level of transmission, gametocytes are also fre-
quent in all age-groups, occurring in perhaps 30% of
those showing asexual forms (Earle, 1939). In areas of
seasonal epidemics, gametocytes are always extremely
scarce in inter-epidemic periods. In 1902 Caccini
(quoted by Ross, 1910) remarked on the absence of
crescents when the new malaria season was imminent,
and stated that he himself had never found one from
May to June. Coulon & Sautet (1931) found no cres-
cents in Corsica from May to July, though they were
present each month from August to April. Mac-
Gilchrist (1915) found no crescents in the blood of
prisoners in a Bengal gaol in September, though they
were common during the following months, and
Sinton et al. (1926) in Lahore recorded similar
findings. Macdonald & Majid (1931) remarked on
the paucity of crescent carriers both before and at the
beginning of the malaria season as being one of the
outstanding features of their observations in the
Punjab. Covell & Baily (1932) in Sind found no
crescents in a limited series of blood examinations
made immediately prior to the great regional
epidemic of 1929. In the 5th week of the epidemic
the crescent rate was 5% and in the 9th week over
50 %. These authors remarked that if it were assumed
that one crescent carrier could give rise to ten after
the lapse of one month under optimum conditions, it
would only be necessary for the number of crescents
in a community to be of the order of 1: 200 to
produce a rate of 50% in the 9th week. Such a low
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pre-epidemic rate might well yield negative results
unless the sample examined was relatively large. A
similar rise in the crescent rate, in this case from
1.5% to 60%, was recorded by Covell & Jaswant
Singh (1943) during a regional epidemic affecting
Delhi Province.

In highly endemic areas there is a very marked age
distribution of crescent prevalence. Schuffner's
figures (1919) and those of Christophers (1924) have
already been noted. McCarthy (1941) in Pemba
Island, East Africa, found a gametocyte prevalence
varying from 12.9% in those under 5 years to 1.5 %
in adults. Wilson (1936b), in Tanganyika, recorded
a variation of 34.5% to 3 % in similar groups, and
MacKerras & Aberdeen (1946), in New Guinea,
found gametocytes in presumed infective numbers
only in infants.
Even in areas where malaria is highly endemic

there may be pronounced seasonal changes in
gametocyte production. Thus Wilson (1936a) in a
holoendemic area of East Africa found seasonal
variations from 20.6% to 54.9% in children under
5 years, from 1.3% to 15.7% in those aged 5 to 20,
and from 0.50% to 5.4% in adults.

In P. vivax infections, Boyd & Kitchen (1937b)
found that fully matured and infective gametocytes
were present in a primary attack within five days of
the first appearance of parasites, five days earlier
than in P. falciparum infections. In one case they
were detected as late as the 74th day after inocula-
tion. Shute & Maryon (1957) found that in the
primary attack gametocytes were seldom seen in a
thin film before the sixth day of parasitaemia, but
they were in some cases present in the blood in
sufficient numbers to infect mosquitos as early as the
third or, in one case, the second day. From the 7th
to the 12th day of the untreated primary attack male
gametocytes progressively increased, but after about
the 14th day they decreased, and often by about the
18th day they were scarce or undetectable. In
relapses, male gametocytes were often numerous on
the first day, which is never the case in a primary
attack. In the latter, because of the complete
absence of tolerance or immunity, very few parasites
are needed to produce fever, whereas in a relapse
some degree of tolerance is present, and therefore
more parasites are needed to produce the same
clini:al effe.t. Like Boyd & Kitchen (1937b), they
observed that gametocytes could persist in the blood
in small numbers for several weeks after a clinical
attack.
As regards the pattern of gametocyte prevalence

in P. malariae infections, the difficulties encountered
in researches on this species of plasmodium have
already been noted. In spite of the very considerable
amount of research conducted by a number of
investigators, it is not possible to give any clear
account as to the time when gametocytes first appear
in the peripheral blood or as to their periodicity
during the course of the infection.

In P. ovale infections, such evidence as is available
indicates that the pattern of production and pre-
valence of gametocytes follows the same general
course as that observed in P. vivax malaria.

DURATION OF MALARIAL INFECTION IN

THE HUMAN HOST

Varying opinions have been expressed as to the
length of time malarial infection may persist in man.
Boyd (1949b) quotes Djaparidse (1929, 1932),
Nikolajev (1939) and Kekhcher (1943) as stating that
P. vivax infections may last for several years. Boyd
& Matthews (1939) found residual immunity to
infection with P. vivax persisting for nearly seven
years after the original inoculation, but Boyd also
notes that most infections with this species die out
within two years, while the great majority of P. fal-
ciparum infections do not persist for more than
six months.
Bruce-Chwatt (1959), reviewing the literature

relating to malaria research and eradication in the
USSR, notes that the general view now held in that
country is that infection with P. falciparum does not
usually last for more than one year, with P. vivax
two years and with P. malariae three-and-a-half
years. These figures were arrived at as the result of a
collective investigation co-ordinated by the Institute
of Malaria, Medical Protozoology and Helmintho-
logy, Moscow.

James, Nicol & Shute (1932), in their studies on
strains of P. falciparum from India, Italy, Sardinia
and West Africa, in which 25 patients were under
continuous observation for more than one year after
the primary attack, found the longest period of the
disease, including recrudescences, to be 32 weeks.
But trophozoites were found in one case 159 days
after recovery from the last recrudescence and in
another case crescents were seen 53 days after
recovery. They also cited the case of Ziemann, who
had an attack of P. falciparum malaria 18 months
after leaving the Cameroons, during which period he
had not been exposed to reinfection. In Italy,
Marchiafava & Bignami concluded that in the
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absence of reinfection a P. falciparum infection con-
tracted in the autumn, after several winter recru-
descences, dies out in the following spring or summer.

Eyles & Young (1951), in a series of cases of
induced P. falciparum malaria (South Carolina
strain), found that parasitaemia continued for an
average of 222+25 days. Three of the infections
persisted for more than one year, the longest period
being 480 days. It was concluded that an infection
contracted towards the end of one malaria trans-
mission season might persist through the following
and into the second following season.

Jeffery & Eyles (1954) studied 23 patients infected
with a Panama strain of P. falciparum and inade-
quately treated. Parasitaemia persisted for an
average of 279 + 19.9 days, with a range of duration
of from 114 to 503 days. Five cases persisted for
more than one year. The same authors (1955) fed
mosquitos at all stages of infection on 88 patients
with the Panama and South Carolina strains of
P. falciparum malaria. Infection frequently occurred
with densities of less than 10 per mm3 of blood, and
occurred as late as the 321st day of patent parasi-
taemia in the South Carolina strain and the 410th
day in the Panama strain. It was concluded that
the long duration of parasitaemia of these strains
of P. falciparum may be of considerable epidemio-
logical importance in certain endemic areas.

Ciuca et al (1955), after analysing the results of
12 842 cases of induced malaria observed over a
period of 10 years, estimated that P. falciparum
infections may persist for 27 months, P. vivax
exceptionally for 8 years and P. malariae for 10
years. There are well-authenticated records of
P. malariae persisting for from 20 to 40 years, and
it is probable that this parasite may survive in the
human host throughout life. These long-persisting
infections are, however, exceptional, most of them
only coming to light following blood transfusion.
The chances of such carriers infecting mosquitos
must be very slight indeed, and for practical pur-
poses it may be assumed that in the vast majority
of cases infections with P. falciparum die out within
one year, with P. vivax within two years and with
P. malariae within three years.

DISCUSSION

Although this review is concerned primarily
with the relationship between parasitaemia and the
clinical effects of malaria, it has been found necessary
to include in it a number of publications dealing

with immunity, the pattern of gametocyte prevalence
at various stages of a malarial infection, and the
length of survival of the parasite in the human host.
As already noted, the importance of asymptomatic

parasitaemia as a major factor in the transmission
of malaria was emphasized at the beginning of the
century in the writings of Stephens & Christophers
in Africa, Koch in Africa and Indonesia and
Berestnew in Russia. The existence of immunity in
malaria as the result of repeated infection was
recognized by both Stephens & Christophers and
Koch at the same period, while the pattern of
gametocyte prevalence at various stages of P. falci-
parum malaria was described in detail by Bignami
& Bastianelli as early as 1890.1
We have seen that among the indigenous popula-

tions of malarious countries, the days of asympto-
matic parasitaemia greatly exceed in number those
of parasitaemia accompanied by symptoms, the
proportion varying widely according to the degree
of tolerance possessed by the community and the
species of parasite involved. The density of parasi-
taemia and of gametocytaemia is, however, very
considerably lower in the asymptomatic than in the
symptomatic individuals, and we do not know how
many of the former would be likely to infect mosqui-
tos under natural conditions.

Recent work has shown that mosquitos may be
infected under experimental conditions at gameto-
cyte densities considerably lower than had formerly
been supposed, and on some occasions even when
competent observers have failed to detect sexual
parasites in the blood after prolonged search. But
the percentage of mosquitos infected under such
circumstances is very low indeed and the number of
oocysts developing on the stomach wall of each
infected mosquito is also very small. It must be
remembered, too, that these findings are based on
mosquito infections induced experimentally, and it
by no means follows that such low gametocyte
densities would result in mosquito infection in
nature. The risk of any considerable degree of
transmission from persons with very low gameto-
cyte densities is probably very small.
The percentage of individuals with fever who

harbour parasites in the peripheral blood in num-
bers sufficient to be detectable at a single exami-
nation may be very low. In the seventh report of

1 Although it has no bearing on the subject under review,
it is interesting to recall that the existence of a pre-erythro-
cytic phase of the malaria parasite was presumed by Grassi
in 1900.



RELATIONSHIP BETWEEN MALARIAL PARASITAEMIA AND SYMPTOMS OF THE DISEASE

the WHO Expert Committee on Malaria (1959) it
was stated that we must assume that under the con-
ditions prevailing in an eradication campaign before
the complete interruption of transmission only 1%
to 5% of fever patients will harbour parasites. It
has been contended that raised temperatures un-
accompanied by parasitaemia are not necessarily
due to malaria, but the numbers of such cases have
been shown to vary with the degree of malarial
endemicity. Thus Magill (1923) in Accra, West
Africa, found 14% of children with temperatures
of 100°F (38°C) and over when the parasite rate
was 19 %, while Macdonald (1926) in Freetown
recorded 31 % of children with temperatures of that
order where the parasite rate was 41 %, and 57%
where the latter was 72 %. In any case, the per-
centage of fever cases with detectable parasitaemia is
higher than that observed in persons without fever.
It is clear therefore that the proportion of fever cases
is an indication of the degree of infection in a com-
munity.
As regards the relative prevalence of gametocytes

at different stages of a malarial infection, many
observers have noted a direct relationship between
the invasion of the peripheral blood by asexual
parasites and the subsequent appearance of sexual
forms. On the other hand, gametocytaemia may
exist in the absence of clinical attacks, the inference
being that the degree of tolerance possessed by the
patient was sufficient to suppress symptoms which
would otherwise have accompanied the invasion
of the blood by asexual parasites. In short, the
presence of gametocytes in the peripheral blood at
any particular stage of a malarial infection after
the first few days of a primary attack is unpredict-
able.
With regard to the period of survival of parasites

in the human host in numbers sufficient to infect
mosquitos, the bulk of available evidence suggests
that in the great majority of cases the limit of
infectiousness of P. falciparum does not exceed one

R1tS

La relation entre la parasitemie et les manifestations
cliniques du paludisme est des plus complexes. Elle a un
r6le tres important dans l'organisation des campagnes
d'eradication. Afin de clarifier les donnees du probleme,
examine par le Comite OMS d'experts du Paludisme,
l'auteur a passe en revue la litterature des 60 dernires
annees. I1 conclut que le role de la parasit6mie asympto-
matique dans la transmission doit etre etudie de plus pres

year, and of P. vivax two years. Of P. malariae
nothing is known in this respect, although it has been
established that the parasite may survive in the body
for an indefinite period.
Under experimental conditions the limits indicated

above for P. falciparum and P. vivax have been
exceeded with certain strains, but it is doubtful if this
could occur in nature. The experience gained in
eradication campaigns has indicated that P. vivax
infections die out in nature considerably earlier than
would be expected from studies on induced malaria.
As noted earlier, this is largely due to the fact that
such investigations can never truly reflect natural
conditions because (a) the subjects infected possess
little or no tolerance to malaria and (b) in almost
all cases interference with specific drugs is necessary
at some stage of the disease, and even when these
are given in sub-therapeutic doses they cannot fail
to modify the course of the infection to some extent.

It must be admitted that there are still certain
gaps in our knowledge of the subject under review.
We do not know, for instance, the percentage of
persons with asymptomatic parasitaemia likely to
infect mosquitos under natural conditions. Nor do
we know how many persons are actually infected in
nature by mosquitos with only a slight oocyst
infection. It has been suggested that efforts should
be made to secure further data bearing on such
problems, but it is difficult to imagine how this can
be done other than by intensive studies carried out
during the progress of the current eradication pro-
grammes. In any case, it is obvious that the only
way in which a valid assessment of the infectivity
of a community can be obtained is by feeding mos-
quitos on a representative sample of the population.
There are, however, obvious difficulties in carrying

out such an investigation, for which the first essential
is the maintenance of a large and vigorous insectary
colony of the vector species of anopheles, which are
often extremely scarce during the later stages of an
eradication campaign.

'UM1e

et que l'analyse critique des donnees recueillies au cours
des campagnes d'eradication peut y contribuer largement.
Dans une population impaludee, le nombre de jours

de parasitemie asymptomatique depasse fortement celui
des jours de parasitemie accompagnee de fievre. La para-
sitemie asymptomatique peut provoquer l'infection des
moustiques, et, experimentalement, meme lorsque les
gametocytes sont si rares dans le sang periph&ique qu'ils
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echappent a un examen rigoureux. Par consequent, les
examens de sang fournissent vraisemblablement une
indication moins suire du degr6 d'infection d'une collec-
tivite que la methode qui consiste A faire gorger un lot
de moustiques sur un e&chantillon representatif de la
population.

Cependant, on a observe qu'une faible proportion seu-
lement des anopheles qui piquent des personnes A para-
sitemie aussi peu marquee s'infecte, et que les oocystes
formes sont alors peu nombreux; dans ces conditions,
seule une fraction negligeable des personnes piquees ult&-
rieurement par ces moustiques est susceptible de manifes-
ter les symptOmes du paludisme.
La production de gametocytes est en relation directe

avec l'invasion du sang par des parasites asexues, mais
non pas necessairement avec I'apparition de sympt6mes
cliniques. Ces symptomes peuvent en effet etre supprimes
par la tolerance de l'hote humain, de sorte que, la pre-
sence dans le sang peripherique de gametocytes en nombre
decelable a toute phase de la maladie est imprevisible.
Dans tout pays impalude, il y a toujours chez un certain

nombre de sujets pyretiques des parasites assez nombreux
pour etre d6cel6s au premier examen. En pareil cas, le
taux de parasites est plus grand que chez les sujets apy-

retiques, si bien que la proportion de cas pyretiques est
une indication utile de 1'etendue de l'infection paludeenne
dans une collectivite.
Le plus souvent, la duree de survie de P. falciparum

ches l'hote humain n'excede pas un an, celle de P. vivax
deux ans, celle de P. malariae trois ans. Dans les condi-
tions experimentales, ces limites ont 6te depassees par
certaines souches de falciparum et de vivax, mais il est
peu probable que, dans la nature, la transmission se
produise de fagon serieuse. Les infections A P. ovale pre-
sentent une moindre tendance aux rechutes que celles A
P. vivax. I1 est probable que la duree moyenne de survie
de ce parasite chez l'homme est moindre que celle de
P. malariae.

I1 est certes souhaitable d'en savoir davantage sur le
r6le de la parasitemie asymptomatique dans la transmis-
sion du paludisme, mais on imagine difficilement com-
ment reunir ces renseignements par des experiences sur
des volontaires non immuns. C'est une question tres
complexe. De nombreux facteurs entrent en jeu et la
necessite d'intervenir dans les infections experimentales
chez l'homme par l'administration de drogues specifiques
modifie le cours de la maladie, notamment l'apparition
de rechutes.
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