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Relationships between Plasmodium falciparum infection
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SUMMARY

A total of 736 outpatients diagnosed as having malaria using clinical criteria at a health centre in a highly endemic area
of Papua New Guinea were investigated parasitologically. Plasmodium falciparum-attributable fractions were determined
using a logistic regression model to compare parasite densities in cases with those of healthy individuals in community
surveys. Thirty-seven percent of presumptive cases were found to have raised P. falciparum parasitaemia. This
corresponds to an average reporting rate for the population of 053 attributable episodes per annum. Whilst the maximum
prevalence of parasitaemia in the community was in children aged 5-9 years, the maximum age-specific incidence of
attributable cases at the outpatient clinic was 2 cases per annum in the 2- to 4-year-old age group. The procedure for
estimating attributable fractions makes it possible to compare morbidity rates between age groups, and to examine how
the relationship between morbidity risk and parasite density changes with age, without diagnosing individual episodes.
The average tolerance of parasites in an age group was measured by considering the level of parasitaemia associated with
a given risk of malaria-attributable morbidity. In contrast to anti-parasite immunity, tolerance of parasites declines with
age since at parasite isodensity the probability of being symptomatic increases with age.
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INTRODUCTION

The precise magnitude of the public health problem
posed by malaria has always been unclear in highly
endemic areas since many people have parasites in
the blood without any symptoms or signs of disease
(Greenwood, 1987). In such areas a diagnosis of
malaria cannot be made with certainty, even when
slide-readings are available. It has also been unclear
how cases should be defined for epidemiological
purposes. Different case definitions have been used
in field or hospital-based studies (e.g. Greenwood et
al. 1987; Trape et al. 1985, 1987; Snow et al. 1988;
Olivar et al. 1991) and since there is little standardiza-
tion it has been difficult to compare the results of
different studies.

Many definitions require a malaria case to have
parasitaemia exceeding a given threshold. If the
threshold is chosen arbitrarily there is likely to be
over- or underestimation of the number of malaria
attributable cases (bias). However, the relationship
between illness and parasitaemia depends on the
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Tropical Medicine, James Cook University, Townsville,
QLD, Australia.

immune status of the host. The extent of this bias
will therefore depend both on ages of the patients
and on malaria exposure. Endemicity varies from
area to area and from time to time. Therefore it can
be difficult to interpret comparisons of the incidence
of malaria morbidity between areas or between age
groups even when the same case definition is used
throughout.

Recent analyses of data from a highly endemic area
of Tanzania used a logistic regression method to
compare the parasite densities of febrile children in
the community with those of afebrile controls in
order to estimate the risk of fever as a continuous
function of parasite density. This was used to
determine what proportion of the febrile children
have Plasmodium falciparum parasitaemia raised
above the level in the afebrile children, and hence an
illness that can be attributed to malaria (Smith et al.
1994). In this report we use the same method to look
at the relationship between parasitaemia and mor-
bidity over the whole age range in a highly endemic
area of Papua New Guinea. Instead of febrile cases
from community surveys, presumptive cases of
malaria in a health facility were analysed.

Investigations of presumptive malaria cases at the
Kunjingini health centre in the East Sepik Province
of Papua New Guinea have been carried out since
late 1990 as part of the Malaria Vaccine Epidemi-
ology and Evaluation Project (MVEEP) (Alpers et
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al. 1992) with the objective of evaluating measures of

malaria-specific morbidity. The investigations car-

ried out include the preparation of thick and thin

blood smears for parasitological examination. Dur-

ing the same period, community malariological

surveys were carried out in several of the villages

served by the health centre.

By applying the method of data analysis of Smith

et al. (1994) to the case-control data from the

MVEEP we have been able to examine the age

dependence of the relationship between morbidity

risk and parasite density, and hence of P. falciparum

malaria-attributable morbidity in the health centre

cases investigated. These results are used to examine

the age-dependence of immunological tolerance and

of anti-parasite immunity.

MATERIALS AND METHODS

Study area and population

The study area was the Wosera, in the Maprik

district in East Sepik Province of Papua New Guinea

with a population of 22587 persons recorded at the

national census in 1990. Whilst communications and

infrastructure of health services are relatively good,

indices of health are poor and there is relatively little

socio-economic development (Garner, 1989). The

area is highly endemic for malaria with the following

parasite formula: 0-55; 0-25; 0-2 (Pf; Pv; Pm)

(Genton et al. 1994). There is little seasonal variation

in rainfall and malaria transmission is perennial.

There are three health centres in the Wosera area,

each providing primary health care for a distinct

group of villages. The village aid-post system is not

very effective. There are, however, a number of

practising traditional healers.

Demographic surveillance

For the purpose of the MVEEP, demographic and

epidemiological surveillance is carried out in 10

villages selected for their different levels of malarial

endemicity, with a total population of approximately

4000. A complete census of these villages is carried

out annually. In each village, one or more villagers

are employed to record vital events, including

pregnancies, births, deaths and migrations in or out

of the village.

Five of these villages fall in the catchment area of

the Kunjingini Health Centre. This paper considers

data only for these five villages.

Community surveys

Two cross-sectional malariological surveys were

carried out, one in April—May 1991 and the other in

August—September 1991. The target for each survey

was to include at least one third of the households in

the village, selected randomly. Thick and thin blood

films were prepared from all consenting individuals

in these households. Morbidity questionnaires were

also administered, during which respondents (or

their guardians in the case of children) were asked if

any illness had been experienced in the previous

week.

Kunjingini Sub Health Centre (KHC) surveillance

Kunjingini Sub Health Centre (KHC) is a mission-

run health facility located in Kunjingini-1 village.

All new outpatients were recorded at KHC with

details of age, sex, place of residence, presumptive

diagnosis and treatment. Patients returning to com-

plete a previously prescribed course of treatment

were not recorded.

The nurse staffing the outpatient clinic carried

out diagnoses and prescribed treatments. Diagnostic

procedures at KHC follow the guidelines of the

Papua New Guinea Department of Health, which

recommend malaria treatment for all patients with

fever (Papua New Guinea Department of Health,

1989; Vince, 1992). In most cases, diagnosis of

malaria was on the basis of a history of fever without

any other major symptom or sign.

A member of the Institute of Medical Research

(IMR) staff attended the outpatient clinic where

possible and carried out further investigations on an

unselected sample of the presumptive malaria cases.

Data collected include a detailed history, a clinical

examination, haemoglobin and packed cell volume

determination (Genton et al. 1994). Thick and thin

films were again prepared for parasitological as-

sessment.

Laboratory methods

A thick smear and a thin smear were made from each

blood sample. Slides were stained using 4 % Giemsa

and the malaria parasite species and density assessed

by counting parasites against 200 leucocytes. Parasite

counts were converted to numbers of parasites//*! by

assuming a standard leucocyte count of 8000//*1

(Cattani et al. 1986; Shute, 1988). In this study, only

P. falciparum parasitaemias are considered.

Blood films were examined by the same team of

microscopists, irrespective of whether they came

from the community surveys or the health centre

surveillance.

Case and control definitions

Estimates of attributable fractions were made using

the data for the presumptive cases from which blood

films had been collected. Control blood films were

those collected in community surveys from persons

who did not report illness during the previous week.

Only control data from the 5 villages in the

catchment area of the health centre were included in

the present analyses.
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Attributable fraction estimates

The proportion of cases in which the illness was
associated with raised P. falciparum parasitaemia is
called the attributable fraction (A). Two methods
were used to estimate attributable fractions.

(1) The attributable fraction (A) was estimated by
logistic regression as described by Smith et al.
(1994).

The dataset analysed consists of parasite densities
measured on cases and also on healthy community
controls. Each case, or control, is indexed by a
variable i. Let N be the total number of cases, and R{

be the ratio of the odds of being a case associated
with individual i with parasite density x(, compared
with a corresponding individual without parasites; A
is then estimated as the mean of the excess risk
associated with the different cases, i.e.

(1)

where the summation is over the cases only.
Similarly, the quantity

(2)

gives an estimate of the probability that case i is
malaria attributable.

The basic logistic regression model used to
estimate the values of Rt was

log (3)

where p( is the fitted probability that individual i is a
case rather than a community control and /?o, /?x and
T are parameters to be estimated.

R( and hence Aj; are then estimated using

R( = exp(/?jx/). (4)

Bruzzi et al. (1985) have shown that attributable
fractions estimated in a similar way from logistic
regression models can be adjusted for covariate
dependences by including extra terms in the model.
By fitting additional linear terms in the model (3) we
tested whether the intercept, /?„ depended on village
of origin, age or time of year. Statistical significance
was tested using likelihood ratio tests. Ages were
grouped as shown in Table 1. Analysis by time of
year grouped each case with control data taken from
the field survey closest in time to the date of
presentation of the case.

Further models were fitted to test whether /?x

depended upon these covariates. A final model was
selected which incorporated important covariate
dependences of /?0 and fix and hence gave the best
estimates of Rt.

(2) The parasite prevalences in presumptive ma-
laria cases (p{) were compared with those in cotn-

eoo
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Fig. 1. Numbers of patients from 5 study villages
reporting to Kunjingini Health centre, by month.
(H) Total episodes; (H) presumptive malaria episodes;
(•) Plasmodiumfalciparum-attributable episodes. The
line indicates the P. falciparum-attributable fraction by
month.

munity controls (p0). The proportion of cases which
had parasitaemias unrelated to the cause of their
illness was estimated by assuming the parasite
prevalence in these patients to be the same as that in
the controls. The proportion of cases attributable to
parasitaemia could then be estimated as (Pi—p0)/
(1 —p0). This estimate was not adjusted for co-
variates, but separate estimates were made for
different age groups.

Age-specific relative risks

Age-specific relative risks were computed for (i) total

consultations at the health centre, (ii) consultations

with presumptive malaria, and (iii) P. falciparum-

attributable episodes. The morbidity risk (episodes/

inhabitant) in each group was divided by the risk in

the youngest age group to get the risk relative to the

under-2-year age group. The numbers of inhabitants

were taken from the demographic surveillance

system.

The same level of parasitaemia might be associated

with different morbidity risks in different age groups.

In order to investigate this, the risk of a P. falci-

parMW-attributable consultation at the clinic was

computed as a function of the level of parasitaemia

(x), and the age group (a), relative to the under-2-

year age group (a = 0) and a standard level of

parasitaemia (10000 parasites//tl). The details of

how this was computed are presented in the

Appendix.

RESULTS

Sample sizes

The resident population was 1602 on 1 July 1991. An
annual total of 3995 visits to the outpatient clinic (2-5
per person) was recorded. Fig. 1 shows how the
numbers of patients varied by month: there was
negligible seasonality evident and 58% of these
visits were recorded as presumptive malaria.
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Table 1. Attendances and positivity of blood slides by age group

542

Age group

(years)

0-1
2-4
5-9

10-19
20-39

40 +

Total

Total

population*

175
152
242
355
433
245

1602

Community

blood slidesf

99

190
283
377
472
287

1708

121
34-2

46-3
40-9

250
18-5

31-2

Health

Total}

1174

800
564

500
526
431

3995

centre attendances

Presumptive
malaria} (%)

59-5

76-6
64-2
48-6
47-9

360

58-2

Blood
slides§

150
197

138
85

113
53

736

P
P / § 5

27-3
66-0

68-1
57-7
43-4
30-2

51-5

* De jure population of the 5 study villages on 1 July 1991.
•)• Slides from health individuals surveyed in the community during the 2 control surveys.
% Health centre attendances during the 1 year period Jan 1991-Dec 1991.
§ Blood slides prepared from presumptive malaria cases at the health centre during the 1 year period March 1991—
Feb 1992.
5 Ppf is the percentage of slides positive for Plasmodium faldparum.

40%

30%

20%

10%

0%
i

0 - 1 2 - 4 5 - 9 10-19 20-39 40+

Age in years
Fig. 2. Percentage of patients reporting to Kunjingini
Health Centre, in different age groups. (•) Censused
population; (H) all episodes; (H) presumptive malaria
episodes; ( • ) Plasmodium falciparum-attrih\itah\e
episodes.

In both community surveys, well over the target

one third of the population were seen, 782 indi-

viduals being seen during the survey in April-May

1991. Of these, 102 reported some illness in the

previous week and are not considered in the present

analyses. Blood films for parasitological analysis

were prepared from 675 of the remainder. During

the August—September survey, only 80 individuals

out of 1148 seen were excluded because of illness. A

total of 1033 blood films was prepared from healthy

individuals.

Age distributions

Table 1 shows the age breakdowns of the population

as recorded by the demographic surveillance, of the

health centre patients, and of the individuals bled at

the community surveys. Most of the patients at the

outpatient clinic were children (Fig. 2) and the

relative risk of attendance (allowing for the popu-

lation age distribution) was even more age dependent

(Fig. 3), with a steep decline in attendance rate with

age. The proportion of presumptive malaria patients

who were under 10 years old was even higher than

the overall proportion of patients (Fig. 2). In

contrast, the youngest age group was somewhat

under-represented in the community surveys be-

cause of the reluctance of parents to allow very small

children to be bled, but otherwise the age distribu-

tions of the survey participants and the general

population were similar.

Parasite prevalence and density

A greater propor t ion of the slides prepared at the

health centre was positive for P. faldparum, than

those prepared in the field surveys. T h i s was t rue for

all age groups (Table 1). T h e highest prevalence was

in the 5-9 year age group, both in the patients and in

the field surveys.

Fig. 4 shows cumulative parasite density dis t r ibu-

tions by age. Note that a distr ibution with a high

average density appears as a line towards the bo t tom

of the char t jwhi l s t a distr ibution with a low density

appears as a line towards the top. Fig. 4A illustrates

the cumulative parasite density distr ibutions in

communi ty controls by age group. In all age groups ,

very high parasitaemias were unusual in controls .

However, there were clear differences at lower

parasite densities where the highest parasite densities

were found in the 5-9 year age group. T h e 0—1 age

group was exceptional in including both the highest

proport ion of aparasitaemic samples and also a

relatively high proport ion of moderately high para-

sitaemia samples.

Fig. 4B shows the corresponding cumulat ive

parasite density distr ibutions for presumpt ive ma-

laria cases. T h e r e was m u c h more variation between

the age groups than among the controls. Again, the

youngest age group shows both the highest p ro -

portion of aparasitaemic individuals, bu t also a
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0 - 1 2 - 4 5 - 9 10-19 20-39 40+

Age in years

Fig. 3. Risk of morbidity at Kunjingini Health Centre
by age group, relative to the youngest age group.
( • ) All episodes; (O) presumptive malaria episodes;
(A) Plasmodium falciparum-attributable episodes.

40%

20%

0%
10 100 1000 10000

Parasites///!

100 1000 10000

Parasites//il

Fig. 4. Cumulative distribution of parasite densities by
age group. (A) Community surveys; (B) presumptive
malaria cases. Age groups (years): ( • ) 0-1; ( • ) 2-4;
(A) 5-9; (A) 10-19; (•) 20-39; (CD 40 + .

relatively high proportion of very high density cases.
In other age groups, a high prevalence was associated
with a high frequency of high density cases, with the
highest densities in the 2-4 and 5-9 age groups.

There was very little difference between the two
community surveys in the distributions of para-
sitaemia, or in the parasitaemias of the health centre
cases during different times of the year. In the field
surveys, Nale village had fewer aparasitaemic indivi-
duals than the other villages. Kunjingini-1 had the
highest prevalence and density among presumptive
cases.

Logistic regression models

The results of the logistic regression analysis of risk
factors for becoming a presumptive case are shown
in Table 2. The analysis included two sets of terms.
Firstly, it was necessary to include model terms to
allow for factors which affected the relative risk of
becoming a presumptive malaria case, but not
necessarily the risk that the morbidity was actually
malaria associated. These terms constitute the main
effects in the logistic regression model. Because more
individuals attended the second field survey than the
first, the time-period affected the relative risk of
being a case (defined by the field survey with which
the case or control was associated), and a term in
time-period was therefore included in the model.
Since age affects both the morbidity risk and also the
chance that an individual was sampled in a field
survey, terms in age group were also included in the
model and proved highly statistically significant.
Attendance at the health centre is also likely to be
affected by the difficulty of reaching the facility
which reflects the proximity of an individual's home,
therefore variables indicating the village of origin of
the case (or control) were included in the model.

The second group of terms in the logistic re-
gression analysis were those which estimated the
relationship between risk and parasite density.
Preliminary analyses were carried out to determine
the best-fitting value of the exponent r. A value of
0-84 was chosen. Subsequent analyses confirmed the
general impressions gained by comparing parasite
density distributions. There was no difference be-
tween the time-periods in the risk associated with a
specific level of parasitaemia. The interaction with
time-period was therefore not included in the final
model. There were, however, substantial differences
between age groups in the best-fitting value of the
regression coefficient filt and the regression co-
efficient for Kunjingini-1 village was substantially
higher than for the other villages, which were
comparable with each other in this respect.

Fig. 5 shows the fit of the final logistic regression
model to the data. In order to make it possible to plot
out observed values of pf, the data were grouped into
parasitaemia classes. The mean observed value of p(

for each class was then plotted against parasite
density. Over most of the parasitaemia range, there
was a gradual increase in pi with increasing para-
sitaemia; however, there was a decrease between 0
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Table 2. Logistic regression analysis of factors affecting the risk of
presumptive malaria at Kunjingini Health Centre

Effect

Main effects
P. falciparum parasitaemia

Time-period
Age group

Kunjingini-1
Other villages

All villages

Interactions with
parasitaemia effect

Time-period
Age group

Kunjingini-1
Other villages

All villages

Degrees
of freedom

1

1
5
1
3
4

1
5
1
3
4

Likelihood

ratio x2

366-5
10-7

146-2
003
4-72
4-75

005
20-5

61
5-6

11-7

P value

< 000001

0001
< 000001

0-86
019
0-31

0-82
0-00001
0-014
013
0019

100 1000

Parasites//L/I

10000

Fig. 5. Proportion of cases among cases and controls

with given parasite densities. ( # ) Observed proportion;

(—) fitted proportion from logistic regression model;

(....) PlasTnodiumfalciparum-attributable fraction.

T a b l e 3. Parameter estimates used to estimate

at tr ibutable fractions

(The relative risk of illness, for individual i in age-group j
and parasitaemia x relative to an equivalent aparasitaemic
individual is estimated as R( = exp(10~3/^;*T)> where T is
0-84 and fi} is read from Table 3, for all villages other than
Kunjingini-1. For patients from Kunjingini-1 a further
term of 0409 (S.E. 0-189) was added to f$x before computing
R.)

Age group
(years)

Parameter
est. (/?,)

Standard
error

0-1
2-4
5-9

10-19
20-39

40 +

1
2
3
4
5
6

0-325
0-593
0-720
1-20
1-08
1-41

0120
0102
0126
0-232
0-268
0-484

parasites//*! and 100 parasites///!. The mean fitted
values of pt from the regression model are also
shown, and fit well over most of the curve. The
initial decrease is not, however, modelled very
closely. Corresponding to the fitted curve for pt is the
curve of how A, depends on parasitaemia. This shows
a smooth increase over the range of parasitaemias.

Attributable fractions and attributable morbidity

Table 3 gives the algorithm for estimating the
probability that an individual case is malaria at-
tributable from the logistic regression results. This
method was used to obtain the estimates used in Figs
1—3, and in Table 4. These logistic regression
estimates are higher than AF estimates obtained by
comparing unadjusted parasite prevalences (Table
4), in all except the oldest age group.

The overall proportion of the presumptive cases
which is attributable was estimated as 0-366 using

the logistic regression approach, with the attrib-
utable fraction among the presumptive cases highest
in the 2—4 year age group and lowest in the oldest
groups (Table 4). The corresponding annual
incidences of attributable cases at the health centre
are also shown in Table 4. Fevers among adult are
very unlikely to be associated with raised para-
sitaemia in this population, whilst in infants, there
are many more non-malarial fevers than in older
individuals. Thus, although the age-specific relative
risk of malaria-attributable morbidity shows a
decline with age in the older age groups, the
maximum age-specific relative risk is in the 2-4 year
age group (Fig. 3), as is the maximum proportion of
malaria-attributable cases (Fig. 2).

The estimated risk of malaria-attributable mor-
bidity associated with given levels of parasitaemia
increased both with the level of parasitaemia, and
perhaps surprisingly, with age (Fig. 6). Thus the
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Table 4. Attributable fraction estimates and annual
incidence of attributable cases

Age group
(years)

0-1
2-4
5-9

10-19
20-39
40 +

All

Attributable
fractions

A*

0195
0-487
0-519
0-415
0-278
0136

0-366

At

0173
0-483
0-406
0-284
0-245
0144

0-295

Attributable
episodes/
year/person*

0-78
1-96
0-78
0-28
016
009

0-53

* Attributable fraction estimated as described in Table 3.
f Attributable fraction estimated as (/>]—/>0)/(l —/>0), not
adjusted for covariates.

100 1000 10000 100000

Parasites//il

Fig. 6. Risk of reporting to Kunjingini Health Centre
with a malaria-attributable episode. Relative risks are
broken down by age group and parasite density. Age
groups (years): ( • ) 0-1; ( • ) 2-4; (A) 5-9; (A) 10-19;
( • ) 20-39; (O) 40 + . Risks are relative to the risk in
the youngest age group at a parasite density of 10

4

parasites//il.

decline in malaria morbidity with age results entirely
from the reduced frequency of high levels of
parasitaemia in older individuals.

DISCUSSION

Malariometric indices such as parasite rates and
spleen rates have been used extensively in the past to
assess the impact of interventions against malaria,
but it is not known whether these indices have a
straightforward relationship with the extent of the
health problem posed by malaria (Marsh, 1992). As

emphasis has shifted from eradication campaigns to
malaria control the quantification of malaria mor-
bidity has become more important and it has become
apparent that measures of the frequency of clinical
disease in endemic areas are inadequate. The number
of presumptive cases of malaria diagnosed by the
usual staff is a good indicator of the anti-malarial
drug requirements but depends very much on
diagnostic idiosyncrasies of nurses and clinicians,
even in a situation such as that of Papua New Guinea
where a fair degree of standardization of diagnostic
procedures has been achieved. In order to have a
more accurate estimate of incidence, we need to
know what proportion of these cases are actually
malaria. In this paper we have shown how this
proportion can be estimated even when individual
cases cannot be diagnosed with certainty.

The number of attributable cases per head of
population reporting to a well-used health facility
gives a measure of the amount of malaria morbidity
potentially faced by the health services. Passive case
detection within health services also provides po-
tential outcome measures for randomized trials of
interventions. Estimates of the numbers of attribu-
table cases can be used to estimate the required
sample size and power of such trials. However,
people do not always use the health facility when
they are sick, therefore the number of cases at the
health centre will always underestimate the total
number of cases in the community.

In this study we compared estimates of attrib-
utable fractions obtained by two different statistical
procedures. The estimates obtained from 2 x 2 tables
are generally lower than those estimated by logistic
regression. The same result was found in the
Tanzanian and Gambian studies (Smith et al. 1994;
Armstrong Schellenberg et al. 1994), where it was
argued that this is likely to be because parasitaemias
are reduced in non-malaria cases as a result of the
inhibitory effect of fever on the development of
P.falciparum (Kwiatkowski, 1989, 1991). Low para-
sitaemia is associated with a reduced risk of mor-
bidity when compared to no parasitaemia at all. In
addition anti-parasite effects of non-specific immune
responses to non-pyrogenic infectious agents (Rooth
& Bjorkmann, 1992) would have the same effect in
this study. Such effects would bias the estimates
from the 2x2 table method.

An additional advantage of the logistic regression
method is that it does not depend on the sensitivity
of the detection of parasites. Polymerase chain
reaction (PCR) techniques have demonstrated that
optical microscopy underestimates the true malaria
infection prevalence in the Wosera (Felger et al.
1994). Improved sensitivity in detecting parasites
might well affect attributable fraction estimates made
by the 2x2 table method. For these reasons, we
consider the attributable fraction estimates obtained
using the logistic regression approach to be pref-
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erable to those obtained from 2 x 2 tables. Inclusive

criteria are used for diagnosing presumptive cases in

Papua New Guinea, so few true malaria cases should

be excluded and multiplication of the attributable

fraction by the number of presumptive cases should

give a good estimate of the true total of P. faldparum

cases.

The logistic regression estimates imply that each

individual in the catchment of the Kunjingini Health

Centre reports to the health centre with a P. falci-

£artt»w-attributable episode an average of 0-53

times per year. In the case of children in the 2-4 year

age range, the attendance rate is almost two P. falci-

parww-attributable episodes per annum. These

estimates are plausible and are consistent with other

studies (including that of Cox et al. (1994) in Papua

New Guinea) which concluded that raised para-

sitaemia is characteristic of symptomatic malaria

episodes. In addition, P. vivax causes morbidity in

the area and P. malariae is also found.

In highly endemic areas, P. faldparum parasite

rates normally reach a peak in children under 5 years

of age and decline substantially later, indicating

increasing protection from acquired immunity

(Wilson, Garnham & Swellengrebel, 1950). Where

the endemicity is lower, the peak prevalence is in

older individuals (Molineaux, 1988). In the Wosera

P. faldparum prevalence peaks in the 5-9 year age

group as in the comparable area of Madang (Cattani

et al. 1986; Cox et al. 1994). This is despite relatively

high inoculation rates, at least in adults in the latter

area (Burkot et al. 1987). The unusual age-preva-

lence may be a consequence of the biting cycles and

activity patterns of the vectors in PNG, pre-

dominantly members of the Anopheles punctulatus

complex. These differ from those of the A. gambiae

complex responsible for most perennial transmission

in Africa (Charlwood, Graves & Alpers, 1986).

Alternatively, the age-prevalence might be explicable

as a result of the very high anti-malarial consumption

in the children under 5 years old.

Whatever the reason for this delay in the acqui-

sition of immunity to blood-stage parasites, one

effect is to make it possible to look in some detail at

the temporal relationship between the acquisition of

physiological tolerance and of anti-parasite immun-

ity, and to examine how malaria morbidity is related

to these. A couple of notes of caution are needed in

interpreting these aspects of our results. Firstly, we

used the same estimated leucocyte count for each age

group. Since actual leucocyte counts show age

dependence, our results should strictly be seen in

terms of age dependence of effects associated with

parasite-leucocyte ratios rather than parasites per

unit of blood volume. Secondly, we do not make any

allowance for age dependence in treatment seeking

behaviour. However, the differences between age

groups are so large that we do not think that these

effects can account for them.

Data on the age-dependence of malaria morbidity

are difficult to interpret where the problem of

distinguishing malaria cases from non-malarial fevers

has not been satisfactorily resolved. Overall fever

risks frequently show the monotonic decline with

age seen in presumptive malaria cases in Kunjingini.

This is the typical age dependence pattern for the

incidence of lower respiratory tract infections in

PNG (Selwyn, 1990; Smith et al. 1991) which

undoubtedly form a large proportion of these cases.

The estimates of attributable fractions clearly show

that the age-prevalence for P. faldparum morbidity

is quite different, with the peak incidence at the

health centre in the 2—4 year age group, younger than

the age group with the maximum parasite preva-

lence.

If a standard parasite density cutoff had been used

to define P. faldparum morbidity, this too would

have given a different pattern of age dependence

from that determined using the attributable fraction

estimates, since we find that the regression line

relating morbidity risk to parasite density becomes

steeper as individuals get older and the absolute risk

of being ill with a given parasite density is higher in

older individuals.

This has implications for our understanding of the

development of immunity to malaria. This immunity

affects both the density of parasites (anti-parasite

immunity) and the risk and extent of morbidity

associated with a given parasite density (anti-disease

immunity or physiological tolerance). The increase

in the gradient of the regression line with age implies

that tolerance of parasites declines with age. It is well

known that anti-disease immunity rises rapidly in

infants (McGregor, 1983). It has also become

apparent that this tolerance of malaria parasites is

closely related to a loss of sensitivity to tumour

necrosis factor (reviewed by Clark & Chaudhri,

1989). When induced in animal models, this tol-

erance of 'malaria toxins' is a T-independent

phenomenon with the response mainly comprising

transient IgM antibodies (Bate et al. 1990). If the

same applies in humans, then a reduction of toxin

due to a reduction of parasite numbers would then in

turn reduce this T-cell independent stimulation and

anti-disease immunity would wane with increasing

anti-parasite immunity (for review see Playfair et al.

1990). Since high parasitaemia is less frequent in

older individuals, this hypothesis would indeed

predict reduced tolerance in adults.

The transience of tolerance can explain why

individuals from high endemicity areas who spend

time in malaria-free areas rapidly lose immunity and

become ill when re-exposed. Levels of some anti-

bodies and cellular responses which may form part of

anti-parasite immunity are also known to fall in

semi-immune individuals who experience a period

without exposure (Deloron et al. 1987; Chougnet,

Deloron & Savel, 1991). These phenomena might
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account for anomalous behaviour of Kunjingini-1

with higher prevalence and a steeper regression of

morbidity risk on parasite density than other villages.

The population of this village includes mission

employees who are more mobile than those of the

other villages, and since the health facility is

immediately accessible they are more likely to be

treated with anti-malarials if they have fever, and so

acquired immunity and, in particular, tolerance may

be decreased.

If anti-disease immunity declines or at least does

not increase with age, how then can the incidence of

malaria morbidity also decline with age ? Except in

the case of naive individuals who have not developed

tolerance, the main determinant of the age dis-

tribution of morbidity is the development of anti-

parasite immunity. Although recent studies of

Javanese immigrants in Irian Jaya (not far from the

Wosera study area) have suggested that such im-

munity can develop more rapidly in adults (Baird et

al. 1991, 1993), the generally accepted view, which is

consistent with the present study, is that anti-

parasite immunity builds up gradually with ex-

posure, slowly restricting the density of asexual

parasitaemia (McGregor & Wilson, 1988). This may

reflect either poor immunogenicity of the protective

epitopes, or antigenic diversity and the consequent

need for a long period in which to accumulate

exposure to the whole repertoire of parasite strains

circulating (Day & Marsh, 1991). Our results are

entirely consistent with such immunity resulting in a

decrease in the risk of high-density infections in

adults and consequently of morbidity. The very

different age profiles for anti-parasite and anti-

disease immunity do not support the suggestion of

Kwiatkowski (1991) that the latter represents in-

complete anti-parasite immunity. These two com-

ponents of the immune response to P. falciparum

have very different age and exposure dependences.

The decline in tolerance with age is in agreement

with the studies of Miller (1958) and Trape et al.

(1985) who observed a decrease with age in the

threshold parasite density leading to fever. A dif-

ferent conclusion was arrived at by Petersen et al.

(1991 a, b), who observed that at parasite isodensity,

body temperatures show a steady decline with age,

and interpreted this to mean that tolerance increases

with age. However, both normal body temperatures

(Kemp, Silver & O'Brian, 1978) and the symptoms

of malaria (Trape et al. 1985) are age dependent.

Certain manifestations of malaria illness may become

less severe with increasing age, but this does not

contradict the finding that a pathological response is

triggered at a lower parasite density threshold among

older individuals. The clinical response to malaria

infection involves various components of the

immune system (McGregor & Wilson, 1988) which

evolve differently in response to exposure and to the

ageing of the host, and this multiplicity of age and

exposure dependences must be considered both in

the design of vaccines and in the interpretation of

clinical data from endemic areas.
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APPENDIX

Let P(a, x) be the probability that an individual with

parasitaemia x, in age group a, reports to the health

facility over a given time-interval with a presumptive

episode of malaria. From (2) above, the probability

that the episode is P. falciparum-attributable is:

A(a, x) =
R(g,x)-1

R{a,x) '
(Al)

where R(a, x) is the age-specific relative risk

associated with parasitaemia x, which can be esti-

mated from the logistic regression model (3).

Therefore the probability that such an individual

reports with a P. falciparum-attributable episode is

P(a, x)A(a, x). But, from the definition of the relative

risk,

P(a, x) = R(a, x) P(a, 0)

and hence:

P(a, x)A(a, x) = (R(a, x ) - l ) P(«, 0).

(A 2)

(A3)

The probability that an individual reports with a

non-malaria episode is assumed independent of

parasitaemia, hence equal to P(a, 0), the probability

of reporting if the individual is aparasitaemic. Thus,

if P(a,) is the marginal probability of reporting for

the age group and A(a,) is the corresponding

summary attributable fraction:

A(a,)). (A 4)

From (A 3) and (A 4) it follows that:

P(a, x)A{a, x) = P(a,)(R(a, * ) - l ) ( l - ). (A 5)

Dividing the equivalent quantity for the standard

age group and parasite density, this gives the

following expression for the relative risk of reporting

to the health facility with a P./aZ«/>arum-attributable

episode {r(a, x)):

r(a, x) =
P(a,x)A(a,x)

P(0,10
4
)A(0,10

4
)

(A 6)

Let N(a) be the number of individuals in the

population in age group a and n(a) be the total
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number of presumptive cases in that age group. The
age-specific relative risk of being a presumptive case
is then:

P(a,)/P(0.) = (n(a)N(0))/(n(0)N(a)), (A 7)

and substituting this into (A 6), an expression which
can be used to compute r(a,x) is obtained:

r(a, x) =
P(a, x)A(a, x)

P(0,104)A(0,104)

n(0)N(a
(A 8)
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