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ESTIMATING THE EFFECTS OF SUCCESSFUL MALARIA
CONTROL PROGRAMMES ON MORTALITY *

Joel E. Cohen **

SuMMARY

This paper proposes a new, empirically based model to measure the expected
effects of successful malaria control programmes on human mortality levels and struc-
ture. In the model, the human population (which may be interpreted as a specific age
group) is partitioned into four subpopulations: individuals never infected with malaria,
individuals with fever from malaria, individuals currently infected with malaria but
without fever, and individuals previously but not currently infected with malaria.
Three kinds of malaria control programmes are considered: chemotherapeutic pro-
grammes (which attempt to reduce the mortality of fever cases); multifaceted pro-
grammes (which attempt to reduce both the prevalence of infection and fever, and the
excess mortality of individuals with infection or fever); and eradication programmes
(which attempt to bring the incidence and prevalence of malarial infection per-
manently to zero).

The model produces a range of estimated death rates. The range depends on
uncertainty about the effective success of control measures. A numerical example,
based on the data of the Garki project in northern Nigeria, is discussed. Some alterna-
tives to the model are mentioned. Some strengths and weaknesses of the model are
described and evaluated. And some recommendations are offered for the collection
and analysis of data in the intersection of malarial epidemiology and demography.

INTRODUCTION: WHAT IS THE PROBLEM?

: Large numbers of people are at risk of sickness and
death from malaria. In 1986, the WHO Expert Commit-
tee on Malaria estimated that approximately 2.1 billion
people live in “‘areas where a reduced level of [malarial]
infection is maintained by the continued application of
antimalarial measures” and another 370 million live in
areas where malarial transmission continues without any
organized efforts at control (World Health Organization,
1986, p. 9). Wyler (1983) gives a good general review
of the situation of malaria and research on malaria.

The present paper, which describes an empirically
based model to estimate the expected effects of success-
ful malaria control programmes (mcps) on human mor-
tality levels and structure, begins by reviewing previous
empirical and theoretical studies of the impact on mortal-
ity of malaria and its control.! Empirical studies lead to
three generalizations that a model must explain. The uses
and limits of four theoretical approaches to measuring
the mortality effects of successful mcps are ideatified.

An analytical portion of the paper suggests the ele-
ments that a model should relate: the human subpopula-
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tions that are differentially affected by malaria, and the
kinds of mortality corresponding to each subpopulation;
the major variants of mcps; and some major ecological
and social variables.

The synthetic part of the paper integrates these ele-
ments in simple mathematical models that relate malarial
epidemiology to human mortality. One model is illus-
trated by a numerical example based on the Garki project
(Molineaux and Gramiccia, 1980). Finally, some
strengths and weaknesses of the proposed models are
described, some alternative approaches to modelling are
sketched and some recommendations for action proposed.

The problem tackled in this paper is very difficult.
Molineaux and Gramiccia (1980, p. 247) wrote that
“Computation of the expected demographic consequences
of malaria control could only be made with a relatively
large error. Even so, it may be worth attempting with
the limited data available.” Ewbank and others (1986, p.
71) conceded frankly that “we are not even sure of the
amount of mortality associated with malaria”.

The difficulty arises in part, but not entirely, from lim-
itations of empirical knowledge. For example, where
malaria is suspected of causing many deaths, data on the
causes of death are rarely satisfactory: usually, no medi-
cally trained individual observes a death and vital statisti-
cal systems may not provide reliable national data even
when individual reports are correct. Moreover, if a phy-
sician, nurse or medical aide observes an acute illness



caused by malaria, he or she is likely to interfere with
the course of the illness. Though medical personnel may
provide reliable data on the causes of those deaths that
they observe, their very presence systematically alters the
situation. The data they provide, though correct, may not
characterize other parts of the country if the country is
poor and has few medical personnel. Further, because
the force and course of malaria depend on local environ-
mental conditions, accurate information from one locality
may not apply regionally or nationaily. Finally, consider
the difficulties of measuring the impact of malaria on
mortality from an experimental mcp in the field, with
well chosen and carefully observed treated and untreated
populations. If malaria is a serious problem, it is likely
that the untreated population will be able to buy
antimalarial drugs and will, like the treated population,
use them at least for acute episodes of fever, thereby
diminishing the apparent impact of the mcp on mortality.
On the other hand, if drugs or medical personnel are
involved with the treated population, it is likely that they
will reduce mortality due to other causes as well as
malaria, thereby exaggerating the apparent impact of the
mcp on mortality. Experimental field mcps, which might
at first appear to be the ideal way to determine the
impact of malaria on mortality, are fraught with
difficulties of interpretation.

A deficiency as important as limited empirical
knowledge is the lack of adequate theory. Inadequate
theory limits the ability to organize available information
and to guide the collection of additional data. Models
could organize some of the available facts and indicate
what additional facts would be most useful.

Empirical approaches to the problem

Molineaux (1985) reviewed comprehensively empirical
knowledge of the impact on mortality of malaria and its
control. Three of his major generalizations provide
points of reference to be explained by the models that
follow.

First, for a given prevalence of infection with the
micro-organism that causes the most severe form of
malaria (Plasmodium falciparum), the level of adult mor-
tality from malaria depends critically on whether malaria
in the given region is stable or unstable. Other factors,
such as nutrition and concurrent infections, also affect
adult mortality from malaria, but the local ecology of
malaria is a dominant variable. Malaria transmission is
said to be stable if transmission remains high year-round
(though possibly with seasonal fluctuations) and high
from year to year. Stable malaria is found, for example,
in the Garki area of northern Nigeria (Molineaux and
Gramiccia, 1980, p. 116). Malaria transmission is said to
be unstable if transmission is essentially interrupted dur-
ing at least one season of the year or fluctuates from a
very low level to a very high level from year to year.

An area with sporadically recurrent epidemics of
malaria, which strike unpredictably from year to year,
has unstable malaria, but unstable malaria may also
occur without epidemics. As Dietz pointed out (K. Dietz,
personal communication, 30 December 1986), malarial
transmission is interrupted for several months a year in

some villages within the Garki area. It may be appropri-
ate to treat those villages as having unstable malaria if
they are isolated from tie other villages, or as having
stable malaria if there is enough migration among the
villages for people.to acjuire malaria while out of their
home village. i

According to Molineaux (1985, p. 35), when the
transmission of P. falciparum is stable and intense at a
high level, adult mortality directly attributed to P. falci-
parum is probably very low (because the surviving adults
acquire a clinical but not sterile immunity). By contrast,
when the transmission of P. falciparum is unstable, then
adult mortality directly attributed to P. falciparum may
be very substantial during episodes of intense transmis-
sion, such as epidemics. In either case, intense transmis-
sion causes considerable mortality among infants and
young children (ages 0-4).

Secondly, the mortality directly attributed to malaria
may, under certain circumstances, be small compared to
the enhancement that malaria causes in the mortality
directly attributed to other causes. Molineaux (1985)
cites Newman’s {e.g., 1965, 1977) and Gray’s (1974)
analyses of mortality in Sri Lanka, which suggest that
the indirect effects of malaria on mortality were two to
four times as large as the direct effects; and Giglioli’s
(1972) analysis of mortality in Guyana, which suggests
that P. falciparum increased mortality from respiratory
disease there. According to this generalization, malarial
control may be expected to reduce mortality directly
attributed to malaria and should, perhaps with some lag,
lead to a larger reduction in mortality due to indirect
effects.

Thirdly, in apparent contradiction to the preceding
generalization, malarial control that reduces mortality
directly attributed to malaria may lead to a much smaller
net reduction in overall mortality, because most of the
individuals saved from death due to malaria rapidly die
from another cause. This phenomenon is a reasonable
interpretation of what was observed in Garki (Molineaux
and Gramiccia, 1980). Similarly, in a Gambian village
studied by McGregor (1964) and described by Molineaux
(1985), the total number of deaths among infants and
young children varied little from year to year, although
the distribution of deaths by cause between malaria and
measles varied greatly from year to year.?

The indirect action of malaria on mortality
(Molineaux’s second generalization) suggests that control-
ling malaria mortality would have a greatly amplified
effect on overall mortality. The interaction of malaria
with competing risks (Molineaux’s third generalization)
suggests that controlling malarial mortality would have a
much smaller effect on overall mortality. How are these
two generalizations to be reconciled?

One explanation, suggested by Preston (S. H. Preston,
personal communication, 3 December 1986), is that both
phenomena may be artifacts of poor reporting or coding
of the cause of death. As he points out, if deaths actually
caused by malaria were attributed statistically to another
cause, then controlling malaria would lead to a reduction
in mortality that had wrongly been attributed to other
causes. If, on the contrary, deaths actually due to other



causes were attributed to malaria, then controlling
malaria would lead to a smaller than expected reduction
in deaths, as if competing risks were at work.

For analyses based on large numbers of cases
assembled through the official system of vital statistics of
a developing country, there is no denying that these
sources of error may be at work. The relative magni-
tudes of these sources of error are likely to be unknown.
When observed in small, special-purpose field studies,
such as those of McGregor (1964) and Molineaux and
Gramiccia (1980), Molineaux’s second and third general-
izations probably cannot be explained entirely as
artifacts.

I accept these generalizations and go beyond the
analysis of Molineaux to suggest tentatively the follow-
ing. Where malaria control led to a reduction in mortal-
ity which was far greater than the reduction in mortality
directly attributed to malaria, the country was undergoing
a process of cultural, educational and economic develop-
ment far more extensive than the efforts to control
malaria. For example, in Sri Lanka, the crude death rate
began to decline long before the post-Second World War
antimalarial spraying campaign. It has been argued that
the decline resulted from improved maternal and child
welfare services, improved nutrition and improved medi-
cal services, among other causes (Meegama, 1986). By
contrast, in the Garki research programme, the only
interventions were mass drug administration and residual
spraying, both directed primarily to malaria (Molineaux
and Gramiccia, 1980). Other factors contributing to the
population’s high level of mortality were not directly
altered.

This view of the findings of Molineaux (1985) leads to
two conclusions. The first, also Molineaux’s first, is that
adult mortality directly attributed to P. falciparum is
likely to be low where malarial transmission is stable,
and is likely to be higher where malarial transmission is
unstable. The second is based on a tentative reconcilia-
tion of two findings of Molineaux. In a setting of general
development, the indirect mortality benefits of malarial
control may be several times the reduction in mortality
directly attributed to malaria. But when malarial control
is carried out in isolation, the reduction in overall mor-
tality may be considerably smaller than the reduction in
mortality directly attributed to malaria.

As Singer pointed out, if this second conclusion is
correct, it has a parallel in the conditions under which
programmes intended to lower fertility are most effective
(B. H. Singer, personal communication, 16 December
1986). Previous studies of the relation of socio-economic
factors to mortality from malaria include those of Pam-
pana (1955) and Banguero and others (1982). It would
not be surprising if portions of the reality were more
complicated than the two simple conclusions just offered.

Theoretical approaches to the problem

Several theoretical approaches to estimating the impact
on mortality of malaria and its control have been pro-
posed. The four reviewed here are the Bernoulli-
Makeham procedure of demographers (e.g., Spiegelman,
1968), based on the assumption of independence among

causes of death; Peterson’s (1976) extension of this pro-
cedure to allow for dependence among causes of death;
methematical models of malarial transmission (e.g.,
Di:tz, 1986); and regression analysis (e.g., Newman,
1977; Ewbank and others, 1986, p. 63).

'The Bernoulli-Makeham procedure, reduced to its sim-
plest form, classifies all deaths of individuals in a given
age group into those deaths caused by malaria and those
deaths with other causes. Some ambiguities in the con-
cept of a death caused by malaria will be clarified later.
The Bernoulli-Makeham procedure assumes that deaths
caused by malaria are reduced by x per cent, through
means left unspecified, and computes the overall reduc-
tion in deaths in the age group. The computation assumes
further that the individuals who are saved from dying of
malaria have a risk of death from other causes that is
identical to that of all other individuals in the age group.
Therefore, some of the individuals saved from dying of
malaria will die of other causes, and the total number of
deaths from other causes will rise accordingly. However,
since not every individual saved from dying of malaria
will die of other causes while in the age group, there
will be a net decrease in the number of deaths in the age
group. The age-specific death rate will decline by y per
cent as a result of the x per cent decline in deaths due to
malaria, where y is smaller than x.

Preston and others (1972) applied the Bernoulli-
Makeham procedure to national statistics on broad
classes of causes of death. They point out, as have others
before and since, that the assumption of independence
among causes, which underlies the method, cannot be
tested using the data furnished in conventional tables of
death by cause. The observations of Molineaux (1985)
suggest that the assumption of independence between
malaria and other causes is unlikely to be true. It follows
that the Bernoulli-Makeham procedure, by itself, is not
likely to be useful for estimating the mortality impact of
successful ‘mcps. The Bernoulli-Makeham procedure
cannot accommodate the observation that in some cases
the indirect reductions in mortality greatly exceed the
reductions in mortality directly attributed to malaria.
Neither can it accommodate the observation that in other
cases competing risks (e.g., measles) completely counter-
balance reductions in mortality directly attributed to
malaria.

Peterson (1976) considered the extremes of possible
dependence between two competing risks of death, which
are “malaria” and “other” in the present context. At one
extreme, if malaria and other causes are positively
dependent, then every individual who would have died
from malaria before control would die at the same age
from another cause if death from malaria were
prevented. Hence, under this extreme hypothesis, a *‘suc-
cessful” mcp could result in no decrease in the age-
specific death rate. This extreme hypothesis of positive
dependence among causes represents precisely the com-
pensation between malaria and measles that McGregor
described in a Gambian village. For an mcp in isolation
from economic and social development, the net mortality
benefit of an mcp that succeeded in eliminating or reduc-
ing deaths from malaria could be as low as zero.’




At the other extreme, if malaria and other causes are
negatively dependent, then every individual who would
have died (in a given age interval) from malaria before
control wouild not die (within the age interval) from any
other cause after control. Under this extreme hypothesis,
every death due to malaria that is postponed beyond the
end of the current accounting period by a successful mcp
would contribute to a reduction in the net death rate.
This negative dependence among causes leads to com-
plete survival, within the specified age interval, of indi-
viduals saved from dying directly of malaria. This
hypothesis fails to represent the indirect effects of suc-
cessful mcps described by Molineaux and others; it does
not allow the elimination of malaria to lower the risks of
death from other causes. It may be useful to compute the
extreme reduction in death rates implied by Peterson’s
hypothesis of negative dependence among causes, but it
will be important to recognize that still larger reductions
are possible.

Both the Bernoulli-Makeham procedure and Peterson’s
extension to dependent causes take as given the number
of deaths from malaria that are averted in each age class
by a successful mcp. Where are these numbers tp come
from? Control programmes, successful or not, are usu-
ally specified by administrative and technical inputs and
are monitored by epidemiological measures of coverage.
It seems natural to expect that mathematical models of
the transmission dynamics of malaria link the activities
of an mcp with its achievements in reducing mortality
from malaria. Unfortunately, the available models do
not. Bailey’s book (1982) on mathematical models of
malaria indexed neither ‘“mortality”’ nor ‘‘death rates”.
Dietz’s (1986) comprehensive review and analysis con-
centrated mainly on a discussion of the relation between
equilibrium prevalence of infection and vectorial capacity
depending on simplistic assumptions about density-
dependence in man and vector. No linkage with malaria-
specific or general death rates was discussed. It therefore
is necessary to build a linkage between malarial epi-
demiology and mortality on top of or in parallel with
existing mathematical models of the transmission dynam-
ics of malaria. A way to do this is suggested below.

Ewbank and others (1986) used regression to estimate
the mortality consequences of successful mcps. For each
province in Kenya, they used as the independent variable
(X) the percentage of out-patient cases (in 1979)
that were diagnosed as malaria. As the dependent
variable (Y), they used the infant mortality rate per
thousand. They then estimated a linear regression
E(Y) = a + bX for the average or expected infant
mortality rate E(Y) in a province with percentage of
malaria X. When X is replaced by O in this equation, the
expected infant mortality rate is just E(Y) = a. Ewbank
and others (1986, p. 63) concluded: “This analysis sug-
gests that in high mortality districts, eliminating malaria
would reduce the infant mortality rate by 15 points. If an
equal number of deaths were prevented at all other ages,
malaria would be responsible for about 8 per cent of all
deaths in districts with a high incidence of malaria.”

The use of the word “‘suggests™ is appropriate because
there are well-known problems with using regression

equations for prediction (e.g., Tufte, 1974, pp. 80-81).
As Ewbank and others pointed out, it is doubtful whether
the percentage of malaria cases diagnosed in out-patients
bears any reliable relation to the prevalence or incidence
of malaria in the population from which the infant mor-
tality rate is measured. But suppose, in order to focus on

“other, more important questions, that an appropriate

measure (X) of malarial incidence or prevalence and an
appropriate measure (Y) of age-specific mortality could
be defined and measured reliably. When Ewbank and
others added to the regression equation variables
representing ecological zones, the malaria index was no
longer a significant predictor of infant mortality. Reduc-
ing malarial incidence or prevalence X to zero in reality,
as opposed to the regression equation, might have no
effect on infant mortality. On the other hand, if malarial
incidence were reduced to zero by extensive programmes
of environmental alteration, public health education and
economic development (leading, for example, to screened
windows), then the reduction in infant mortality might be
far greater than that predicted by the regression equation.

Another problem with extrapolating from the given
regression equation is that the observed percentage X of
out-patient cases diagnosed as malaria ranged from 6 per
cent to 30 per cent. It is notoriously unreliable to extra-
polate regression equations outside the range of data for
which they are estimated, in this case to X = 0, because
there is no way of knowing whether X and Y are
linearly related, or, if so, with the same values of a and
b, outside the observed range of data.

Ewbank and others (1986, p. 63) were careful to point
out reasons why the proportion of deaths caused by
malaria might be much smaller or much larger than the 8
per cent they estimated. The conceptual difficulties
described above, and many others, make regression
equations a doubtful tool for estimating in advance the
effects on mortality of successful mcps.

However, it is important to distinguish prediction from
measurement. While the above arguments suggest that
regression equations are an unreliable way to estimate
the future reduction in mortality that would follow from
a hypothetical mcp, there is nothing implausible about
using regression equations to summarize observed effects
of an mcp on mortality, as Newman (e.g., 1977) and
Gray (1974) have done with Sri Lankan data.

In summary, the classical life-table analysis of Ber-
noulli and Makeham, its modern extension by Peterson
to dependent competing risks, mathematical models of
malaria transmission, and regression equations all suffer
from serious defects as models to predict the impact of
mcps on mortality,. What follows is an attempt at a fresh
analysis and some new models..

ANALYSIS: CONTROL PROGRAMMES, MORTALITY, ENVIRONMENT

How will a successful mcp affect the level and struc-
ture of mortality? In this question, the independent or
input variable is “a successful mcp” and the dependent
or output variable is “the level and structure of mortal-
ity””. This analytical part of the paper specifies the meas-



ures of input, output and environment that a model needs
to relate.

First, this paper will describe how the people affected
by malaria are identified. It will then categorize deaths
associated with the presence of malaria in a population.
Then it will describe the possible forms of mcps and
connect these forms with the deaths caused by malaria.
Because given mcps have different effects on mortality,
depending on the human and natural situation, it will also
specify the environment in which the input and output
variables interact.

Specifying the people affected by malaria

The aim of mcps is to protect people at risk of
malaria. The aim of this paper is to estimate the reduc-
tion in mortality that will follow successful mcps. Both
aims require operational means of identifying the people
affected by malaria.

This section describes three major methods of identify-
ing the people affected by malaria. For each method, the
risk of false negatives (failing to identify a person who is
affected by malaria) and the risk of false positives (iden-
tifying a person as affected by malaria who is not so
affected) are described. On the basis of these methods, a
partition of the malaria-affected population into four sub-
populations is proposed: never infected, fever cases,
currently infected (but not fever cases) and previously
infected.

Parasitemic cases. A drop of blood is taken from a
person and malarial parasites are identified by some
standardized procedure. The procedure has traditionally
been microscopic examination of the blood (Hunter and
others, 1966) but DNA probes for the genetic material of
the parasite are under development (e.g., Wirth and oth-
ers, 1986). The variants on the microscopic and diagnos-
tic techniques employed are not germane here. What will
be considered here are diagnostic techniques that detect
the presence of the parasite, rather than the immune
reactions of the person.

Routine microscopic examination may miss some
infections (in the Garki project, roughly 5 per cent to 25
per cent, depending on the species of malarial parasite
(Molineaux and Gramiccia, 1980, pp. 112-114)), but it is
unlikely to identify anyone without malaria as a malarial
case. On balance, the reported number of parasitemic
casés is likely to understate the number of individuals
infected with malaria.

Where malaria is endemic, malarial parasites may
appear in the blood of many people who consider them-
selves healthy. Thus, most ‘“‘parasitemic cases” are not
“fever cases”, as defined next. However, malaria-
infected individuals, even if they do not consider them-
selves sick from malaria, have a higher risk of death
(World Health Organization, 1975) than they would have
if they were not infected with malaria.

The fraction of people who are parasitemic cases will
be called the parasite rate. The parasite rate may be
crude (referring to an entire population in a defined
area), age-specific or age-standardized. The parasite rate
may refer to a particular species of Plasmodium (the
genus of the various species of malarial parasites), to
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particular stages in the life cycle of one species (e.g., P. r
Salciparum gametocytes), or to all malarial species.

Fever cases. Breman and Campbell (1986) propose
that “a probable case of malaria is a person having fever
(above 38°C, 100.4°F, if a thermometer is available)
associated with the current illness. Chills, sweats or
other signs and symptoms consistent with malaria may
also occur but are not required for treatment. The person
should live in or come from a malarious area, and there
should be no other apparent cause of illness”. A person
meeting these criteria will be called a fever case.

Molineaux and Gramiccia (1980, p. 258) report that
“screening the [Garki] population for temperatures of
37.5°C or more would have detected only 14.6% ... of
the [parasitological] positives below 9 years and only
34% . .. of the positives above 9 years of age. These
findings are probably characteristic of a situation of
intense transmission and relatively strong immunity of
the survivors”. On the other hand, fever cases probably
include people who have no malarial infection but who
do have fever from other causes, such as viral infections,
that are not easily identified under field conditions. Mol-
ineaux and Gramiccia (1980, p. 144, figure 38) found
that, in the Garki project, the most intensive malarial
control efforts reduced the percentage of children less
than 9 years old positive for P. falciparum in the wet
season from approximately 80 per cent to approximately
5 per cent, while, at the time of the latter measurement,
the prevalence of body temperatures of 37.5°C or more
among children less than 9 years old was 11 per cent in
an unprotected village and 4 per cent in the most inten-
sively protected villages (Molineaux and Gramiccia,
1980, p. 256, table 28). The reduction in the prevalence
of fevers was far less than the reduction in the prev-
alence of infection. Of course, it is possible that fever
cases were atypically resistant to the efforts to control
malaria.

On balance, the figures of Molineaux and Gramiccia
suggest that there are many more parasitemic cases than
fever cases under stable, intense malarial transmission.

The number of fever cases measures the acute burden
of malarial disease perceived by the population. The cri-
teria used to define fever cases may be workable in the
field where microscopy is not possible. As a first approx-
imation, it will be assumed that all fever cases are
parasitemic cases. The fraction of people in a population
who are fever cases will be called the fever rate.

Immune cases. Malarial infection challenges the
immune system of people who survive long enough to
develop a functioning immune system (e.g., Voller and
others, 1980). Examination of the spleen and of the
blood serum are the two main immunological approaches
to determining whether an individual is affected by
present or prior infection with malaria.

The spleen helps form antibody to antigens which, like
malarial parasites, are particulate and distributed via
blood (Humphrey and White, 1970, p. 263). Spleno-
megaly (enlargement of the spleen) often follows chronic
malarial infection. Splenomegaly is determined clinically
by palpating the spleen. Clinical scales exist for measur-
ing the extent of enlargement. The spleen rate is the




prevalence of (fraction of people in a population having)
a specified degree of splenomegaly. The population on
which a spleen rate is based may be the entire population
or a particular age group (Hunter and others, 1966, p.
337). The spleen rate has been widely used in malarial
surveys to estimate the chronic intensity of malarial
transmission in a population.

Individuals whose spleens have not yet enlarged in
response to malarial infection, or whose spleens have
enlarged too little to be palpable, or whose enlarged
spleens have subsided to normal size, will not be num-
bered as having splenomegaly. Individuals without
malarial infections whose spleens have enlarged in
response to non-malarial (e.g., schistosomal or other
helminthic) antigens will be numbered as having spleno-
megaly. The balance of false negatives and false posi-
tives, resulting from using splenomegaly as an indicator
of chronic malarial infection, is not clear. However, it is
consistent with past practice and reasonable until better
indicators are available to suppose that spleen rates are
positively associated with the prevalence of chronic
malarial infection in malarial areas (cf. Newman, 1965,
1977).

Another principal approach to measuring the impact of

malaria is via the blood serum. Many different immuno-
logical assays may be performed using serum. The
assays produce a titre, that is, a measure of the concen-
tration of a specified serum antibody. Commonly, one
titre is chosen by the investigators as a threshold and
individuals whose titre exceeds the threshold are con-
sidered positive for that assay.

Different assays measure different features of the
immune response. To illustrate, the Garki project (Mol-
ineaux and Gramiccia, 1980, chap. 6) performed six
assays: measurements of immunoglobulin G (IgG) and
immunoglobulin M (IgM), a precipitin (Ouchterlony)
test, two indirect fluorescent antibody (IFA) tests, and an
indirect haemagglutination test. No relation was found
between IgG and infection by the malarial parasite (as
determined by microscopic examination of blood) nor,
after the first few years of life, between the IFA test for
P. falciparum and malarial infection. All but the IgG
tests were positively associated with malarial infection
among the young. “For 3 tests (IgM, precipitin and IHA)
the relationship [to malarial infection] became negative in
older children and adults, indicating that the test results
were associated with protection” against infection (Mol-
ineaux and Gramiccia, 1980, p. 212). The three assays
that are associated with protection in older children and
adults also indicate the intensity of prior infection, since
that infection induces the protective response. Finally,
the IFA test for P. malariae was positively associated
with infection throughout life. Other serological assays
are under development (e.g., Wirth and others, 1986);
their epidemiological characteristics remain to be deter-
mined.

If parasitemic cases are taken as the standard, the
serological assays may produce false negatives because
the threshold titre is set inappropriately high, because the
reagents used in the assay are insensitive, or because the
immune response is delayed relative to infection, that is,
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because a newly infected individual may not have had
time to develop or display an immune response. The
assays may produce false positives (relative to parasi-
temic cases) fcr diverse reasons: because a high IgM or
IgG response¢ is produced by some other infection;
because the rcagents for antimalarial antibodies cross-
react with antibodies against other antigens; because the
positive immune response measured by the assay is pro-
tective, having eliminated previous malarial infections
and prevented reinfection; or because a non-protective
immune response measured by the assay outlasts a
malarial infection.

Notwithstanding the complexities of interpreting
different serological assays, Molineaux and Gramiccia
(1980, p. 207) concluded: “‘At the total population level,
it is likely that all 6 tests used here are indicators both of
contact with malaria and of partial immunity to it, that

‘is, there is more malaria and a higher level of immunity

in populations showing higher test results.”

The serum rate of a population may be defined as the
fraction of the population whose titre, on some specific
test, exceeds a given threshold. The detailed interpreta-
tion of a serum rate depends on which test is used. The
distribution of titres in a population tells more than the
serum rate, but requires considerably more sophisticated
analysis.

An immune case is defined as an individual who gives
evidence of an immunological reaction to malarial infec-
tion. Such an individual may be said to be immunoposi-
tive (to malaria). As a first approximation, it will be
assumed that every parasitemic case is an immune case.

In summary of this subsection, the size of the popula-
tion affected by malaria may be described by the parasite
rate, the fever rate, the spleen rate and several serum
rates. These rates in fact describe different subpopula-
tions.

On the basis of the biological facts just reviewed about
malaria and its measurement, the population will be par-
titioned into four subpopulations. Individuals who are not
fever, parasitemic or immune cases will be called “never
infected” and the population in this category will be
denoted py. The proportion of the population who are
fever cases will be denoted p;.* Individuals who are
parasitemic cases but not fever cases will be called
“currently infected” and the proportion of the population
in this category will be denoted py. (The subscript b is a
reminder that blood is drawn to diagnose parasitemia.)
Finally, immune cases who are neither blood nor fever
cases will be called “previously infected” and the pro-
portion of the population in this category will be denoted
pi- Obviously, pp + pf + p, + p; = 1. (The symbols
introduced here [py, pr, Po, Pi] and in the remainder of
this paper are listed and defined in the annex to the
present article.)

In practice, although this partitioning of the population
into four subpopulations.could be done on the basis of a
single cross-sectional survey, it would be preferable to
estimate the point-prevalences of the four subpopulations
from data collected using repeated observations of
identified individuals over a period of time. The reason
is that the fraction of individuals who are parasitemic (by



microscopic examination of blood slides) at a single
observation appears to understate substantially the true
prevalence of parasitemia in the population (e.g., Bruce-
Chwatt, 1963; Molineaux and Gramiccia, .198)).
Improved diagnostic' procedures (e.g., Wirth and others,
1986) may alleviate this problem in the future.

Let P be the parasite rate and S the spleen or seroposi-
tive rate. Assuming that all fever cases are parasitemic
cases, P = p; + p,; then p, may be found from
P» = P — pr. Similarly, assuming that all parasitemic
cases are immunopositive, S = P + p;, hence
pi = S — P. Under these assumptions or using direct
measurement, the fractions pg, ps, py and p; can in prin-
ciple be estimated directly or indirectly from epidemio-
logical measures commonly taken in malaria surveys.

Specifying mortality

In a population affected by malaria, people never
infected with malaria have death rate d,; fever cases
have death rate dy; currently infected people have death
rate d,; and people previously infected have death rate
d;. The death of an individual from each of these four
subpopulations may be called, respectively, a death
without malaria, a death from malaria, a death with
malaria, and a death following malaria.

In principle, any death could be classified as one of
these four kinds on the basis of information or material
collected at or shortly before the time of death. In prac-
tice, in the developing countries where malaria remains a
major problem, it is too much to hope that every death
could be classified in this way, but it is not too much to
hope that a carefully planned sample of deaths could be
so classified to assist in planning and forecasting for an
mcp. Hence, the four death rates are in principle measur-
able or estimable in conjunction with information about
the relative sizes of the four subpopulations.’ ‘

If d is the death rate of the population, then

d = po-dp + pr:ds + pp-dp + p;-d;. (1)
This equation may be used to check the consistency of
the estimates of the fractions and death rates of the four
subpopulations. The excess mortality of fever cases is
d; — dy, of currently infected cases is d, — dy and of
previously infected cases is d; — dg.

All the above death rates and fractions refer to a popu-
lation that can be pooled or specific, that is, heterogene-
ous or homogeneous, with respect to age or any other
demographic characteristic. If the population contains all
age groups, then the death rates are called crude rates; if
a specific age group, then age-specific rates. If the popu-
lation is a specific age group, the proportions py, ps, P
and p; will obviously depend on the age. If the popula-
tion consists entirely of individuals aged five years and
older in an area where malaria is endemic and transmis-
sion is intense, it is reasonable, unless evidence to the
contrary is available, to take p, = 0, since virtually
everyone under such conditions has been infected with
malaria.

In addition, malarial infection may be defined to
include all species of malaria found in an area or any
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single species. From a biological perspective, it would be
desirable to define malarial infection in terms of a single
malarial species or of a specified combination of species,
since the impact on mortality of an infection of P. falci-
parum, for example, differs from that of P. vivax.
However, the more homogeneous the population (in

terms of age or malarial infection), the more detailed the

demographic and epidemiological information required to
measure or estimate the proportions and death rates of
the subpopulations. When the model that follows is used
for a real population, a want of data will quickly limit
the possibility of using equation (1) for very narrowly
defined populations.

Specifying malaria control programmes

After malaria eradication was abandoned in large parts
of the world, the World Health Organization and the
United States Agency for International Development out-
lined four approaches to malaria control, which are
known as “tactical variants”. The following presentation,
based on Breman and Campbell (1986) and World Health
Organization (1986), emphasizes the means that these
tactical variants employ rather than their goals.

Tactical variant 1: chemotherapy. Sick people are
treated with drugs. Attention focuses on children 0-4
years old who are acutely ill (and on pregnant women).

According to Breman and Campbell, this tactical vari-
ant “should be used in areas with high malaria prev-
alence, severe clinical illness and high case fatality rates,
low socio-economic status, and limited experience in
malaria programme administration. Most of rural Africa
fits into this category.” For convenience, an mcp follow-
ing tactical variant 1 will be referred to as a chemothera-
peutic programme.

Tactical variant 2: chemotheraphy, limited chemopro-
phylaxis and low-cost vector control. The acutely ill are
treated with drugs. Drugs to prevent malaria are distrib-
uted to selected groups such as pregnant women. Vector
control is initiated by voluntary measures such as
mosquito netting.

Tactical variant 3: intensification and extension of tac-
tical variant 2. In addition to all the activities of variant
2, a national or regional organization is used to apply
more extensive vector control measures, and trained epi-
demiological personnel evaluate the actions taken and the
results achieved.

An mcp based on tactical variant 2 or tactical variant
3 will be referred to as a multifaceted programme.

Tactical variant 4: eradication and surveillance.
Expanded vector control operations are added to the
activities of tactical variant 3, with a view to long-term
eradication of malaria. Where malaria has been eradi-
cated or is naturally absent, surveillance is undertaken to
assure the continued absence of malaria. Asymptomatic
carriers of malaria pose special problems for surveillance
(Yekutiel, 1960); it may not be easy to decide when
malaria has been eradicated from an area.

An mcp based on tactical variant 4 will be referred to
as an eradication programme.

Recently, the WHO Expert Committee on Malaria
reviewed the four tactical variants and suggested that




antimalarial programmes could be described more simply
as using two major approaches: first, the treatment of
people with malaria; and second, the long-term control
of malaria transmission, in addition to the treatment of
people with malaria. Both approaches are supposed to be
carried out as part of the improvement in the general
health services and control of the other major causes of
preventable deaths (World Health Organization, 1986,
pp. 48-49). What was defined here as a chemotherapeu-
tic programme corresponds roughly to the first of these
two approaches, while a multifaceted programme and an
eradication programme correspond to different degrees of
intensity of the second approach. .

Various vaccines may eventually be available for use
in mecps (e.g., Dame and others, 1984). However, as
Halloran pointed out (M. E. Halloran, personal commun-
ication, 14 December 1986), vaccines are not currently
available, it is not known when they will be available
and their effects on mortality are unknown. -

What constitutes a “‘successful mcp” (a term used
often above and in what follows) requires definition. It
would be convenient but useless to define a successful
mcp as one that completely and permanently eliminates
excess mortality in its target subpopulations (fever cases
for chemotherapy programmes etc.). By this definition,
there would be little uncertainty about the impact on
mortality of successful mcps, but large uncertainty about
whether an mcp should be considered successful. A less
convenient but more useful definition would be that a
successful mcp reaches completely and permanently its
target subpopulations (so that, for example, all fever
cases continually receive chemotherapy, whether or not
chemotherapy saves their lives). Unfortunately, among
real mcps, complete coverage is rare.

I propose that a successful mcp be defined as one that
is both self-conscious and sustained. A self-conscious
mcp has reliable procedures to measure the efforts it
expends and the results (administrative, epidemiological
and demographic) it attains. As Singer pointed out (B.
H. Singer, personal communication, 1 May 1987), a
self-conscious mcp also has reliable procedures to meas-
ure antimalarial activities other than the activities it ini-
tiates. For example, where chloroquine is already widely
sold over the counter or by pedlars, an additional
chemotherapy programme might have little effect on the
mortality of fever cases, even though, in the absence of
chloroquine, malaria was a major source of mortality.
Proper evaluation of the impact of malaria on mortality
requires a comprehensive picture of control activities. A
sustained mcp adapts the control efforts applied to main-
tain malaria at some chosen level lower than that prior to
the mcp; equivalently, it prevents a resurgence of
malaria after a reduction is achieved. A sustained mcp
need not constantly apply the same control measures,
since the control measures appropriate to surveillance
differ from those appropriate to an initial attack. By this
definition, the Garki project (Molineaux and Gramiccia,
1980) was a successful mcp during its intervention
phase. It was a successful research project, but not a suc-
cessful control project, even after the intervention phase,
as the transmission of malaria again increased.®
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Connecting people affected by malaria with malaria
control programmes

This section will attempt to link the tactics of mcps
with the people affected by malaria. The proposed link-
age is subject to revision by further information.

A chemotherapeutic programme is (by the above
definition) directed to people who are acutely ill and to
pregnant women. Therefore, apart from the pregnant
women, a chemotherapeutic programme would presum-
ably reduce malaria as a cause of death only among
fever cases, since only they would be identified as
acutely ill.

Chemotherapy might have diverse other effects,
depending on whether drug treatment of an individual
with malarial fever was or was not sustained over a long
period and depending on whether the dosages applied
were or were not sufficiently high to clear parasites from
the treated individual. Taking account of both duration
and dosage, there are four cases to consider.

Long-duration, high-dosage chemotherapy of an indi-
vidual with a malarial fever could clear parasites. It
would reduce substantially the p, and p; subpopulations
in addition to the p; subpopulation, because the treated
individual would be prevented from becoming reinfected
and would gradually lose his immunity. Nevertheless,
other individuals might acquire infections without a
period of fever and might shed those infections without
either fever or drug treatment; thus, the py and p; sub-
populations would not necessarily vanish.

Long-duration, low-dosage chemotherapy would not
clear parasites from treated individuals but would only
lower the density of infection enough to remove fever.
Such chemotherapy would convert individuals directly
from fever to parasitemic cases.

Short-duration, high-dosage chemotherapy that cleared
infections could convert fever cases to previously but not
currently infected individuals, or could effectively con-
vert fever cases to never-infected individuals by depriv-
ing them of the immunity resulting from prior malarial
infections (Pringle and Avery-Jones, 1966). Such
chemotherapy would provide only short-term protection
against reinfection.

Finally, short-duration, low-dosage chemotherapy
sufficient to interrupt a fever, as might be expected with
self-administered drugs sold commercially, would tem-
porarily convert fever cases to currently infected cases
but would have little effect on the size of either subpopu-
lation since nothing would prevent a recurrence of fever.
This last case seems to be the most realistic description
of actual chemotherapy programmes, unless they are part
of a well-run research project.

This attempt at analysis suggests that chemotherapy
could have multiple and non-obvious effects. The
analysis could profit from more explicit and detailed
modelling using a dynamic model of malarial infections,
and should be considered subject to revision.

Individuals relieved of malarial infection by a mul-
tifaceted programme are still exposed to a (reduced) risk
of reinfection. Individuals who had acquired protective
immunity against malaria as a result of prior chronic



exposure to infection would not lose that protective
immunity immediately. Hence, a multifaceted programme
would be expected to have a much greater prompt effect
on the parasite rate than on immunological indicators, for
example, the spleen rate, or a serum rate associated with
protective immunity, such as those (in the Garki study)
based on IgM, precipitin and IHA assays.

The longer-term effect of a multifaceted mcp on pro-
tective immunity depends on how the programme works.
For example, suppose the multifaceted programme
lowered the parasite rate to 25 per cent of its former
level and held the parasite rate stcady at that level. If
only one quarter of the population were infected at any
one time but all individuals were infected at some time,
then it is possible that no one would lose his or her pro-
tective immunity and the serum rates (based on assays
for protective immunity) might remain constant. On the
other hand, if the multifaceted programme really con-
sisted of malarial eradication in areas where three quar-
ters of the population lived and no control at all where
one quarter of the population lived, then the serum rate
of the protected three quarters would eventually drop to
zero, while the serum rate of the unprotected quarter
would not change. Under the latter hypothesis, because
malaria control meant eradication in one region and no
control in another, the serum rate would mirror the
parasite rate. I will assume henceforth that major geo-
graphical differences in control would be identified and
the effect of control on mortality in different regions
would be analysed separately. I assume that partial con-
trol, that is, control short of eradication, will eliminate
neither chronic exposure to malarial infection nor the
possibility of maintaining a partially protective immunity.

A successful eradication programme would affect fever
cases, parasitemic cases and imrune cases, though the
effects might differ depending on whether malaria were
stable or unstable. For example, following eradication of
stable malaria, previously infected individuals would,
after some time, lose the immunity (and the sometimes
pathological auto-immunity) produced by the antigenic
stimulation of a chronic malarial infection. Thus, a suc-
cessful eradication programme would eliminate the
excess mortality associated with splenomegaly or
malaria-induced auto-immune diseases, as well as any
other mortality resulting from stable malaria.

Specifying the environment

As a first approximation, the environmental variables
that modulate the effect of mcps on mortality may be
classified as ecological and social.

The primary ecological variable that influences the
effect of mcps on mortality is whether malaria is stable
or unstable. First, suppose malaria is stable. Parasitemic
cases old enough to have developed an immune response
and to have survived many attacks of malaria (say 5
years and older) would be expected to have a small

.excess mortality dy, — do, relative to a situation of
unstable malaria. But the excess mortality d; — dg of
previously infected individuals might be large, relative to
a situation of unstable malaria, because of the weakening
and auto-immunity caused by chronic malarial infection

with P. falciparum. (The likely pathogenic effect of
chronic P. malariae infection, for example, would be
much less.) A plausible upper bound on the excess mor-
tality d, — dy is df — dg. Now suppose malaria is
unstable. The excess mortality of parasitemic cases
d, — dy may be quite substantial, especially at the older
ages, while the excess mortality d; — dy of previously
infected individuals may be relatively small, because
such individuals have not suffered chronic malarial infec-
tions. It is suggested below that this difference between
stable and unstable malaria may lead to different patterns
of falling mortality after malaria control.

The primary social variable modulating the effect of
mcps on mortality appears to be whether the mcp is a
single-purpose, isolated control programme (which may
be a research programme, a demonstration programme or
a single-purpose public health programme) or is part of
an ongoing and comprehensive process that includes edu-
cation, environmental and sanitary improvement, primary

- health care infrastructure and economic development.
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Where the mcp is isolated, it appears that, especially at
the youngest ages, lives saved from malaria are often
lost to other risks of death. (The same phenomenon has
been demonstrated for lives of children vaccinated
against measles in Zaire (Kasongo Project Team, 1981).)
Where the mcp is part of extensive social development,
it appears that the maximum possible improvements in
mortality from mcps are realized. The difference between
isolated mcps and mcps that are part of social develop-
ment will be reflected in the value of a parameter that
describes the action of competing risks in the models to
be presented next.

SYNTHESIS: EFFECTS OF MALARIA CONTROL PROGRAMMES
ON MORTALITY

Equation (1) expresses the death rate of a population
as the mean of the death rates of four subpopulations,
weighted by the relative sizes of those subpopulations.
As already mentioned, for an analysis of age-specific
death rates, equation (1) may be applied separately to
different age groups.

Equation (1) focuses attention on how different kinds
of mcps will affect the death rates and relative sizes of
each of the four subpopulations. The models proposed
now express the variables on the right side of equation -
(1) as functions of variables that describe the success of
meps and of ecological and social variables.

There is considerable uncertainty in both the structure
of the models and the values of the parameters. Given
the models’ structure, the uncertainty in the parameter
values implies a range of estimates of the death rate fol-
lowing mcps. This range of estimates has no meaningful
interpretation as a confidence interval. However, if the
models prove useful, it may be of interest, as Nedelman
pointed out (J. Nedelman, personal communication, 3
December 1986), to assign subjective probability distri-
butions to the parameters and to compute subjective dis-
tributions for the predicted death rate.

Let d’ denote the death rate of the population after the
implementation of an mcp. Throughout, the prime ' dis-



tinguishes a quantity after an mcp from the same quan-
tity before an mcp.

Chemotherapeutic programmes

A chemotherapeutic programme affects the excess
mortality, and could affect the size, of the subpopulation
of fever cases.

Chemotherapy averts the death of a fever case, except
where the malarial parasite is intractably drug-resistant
or where the fever is unrelated to malaria. A chemo-
therapeutic programme that treats successfully a fraction
s¢ of the fever cases will be said to have a ‘“‘success
coefficient” s;, which is a fraction between 0 and 1. It
may be useful to think of s; as the product of the cover-
age of the programme times the effectiveness of the pro-
gramme in treating those individuals included in it.
Assuming that all the excess mortality of fever cases is
from malaria, a chemotherapeutic programme that
effectively treats a fraction s; of the fever cases could

lower the excess mortality in the population of fever .

cases from d; — dg to df — dg = (1 — sp)(d¢ — dy).
(I do not assume d; = dy: the death rate of the never
infected may change for exogenous reasons.)

However, competing risks of death may kill those
fever cases saved from dying of malaria. To describe the
action of competing risks, define ¢ as the ‘“competing
risk control coefficient”. The operational meaning of ¢ is
that competing risks reduce a chemotherapeutic pro-
gramme’s effective success so that the excess mortality in
the population of fever cases is, on average,

df — dg = (1 — c-sp)(df — dy).

One may think of c-s; as the effective success, in terms
of mortality, of a chemotherapeutic programme that has
apparent epidemiological success s;. That is, the
chemotherapeutic programme reaches a fraction s; of
fever cases and averts their deaths from malaria. But
competing risks take away some of those lives saved, as
if the programme reached only a fraction c-s; of the
fever cases in the absence of other causes of excess mor-
tality.

For example, if all fever cases, whose death from
malaria is averted by chemotherapy, die immediately
from another cause, then competing risks are not con-
trolled at all, and by definition ¢ = Q. If all fever cases,
whose death from malaria is averted by chemotherapy,
die not immediately but within the year (or other unit of
accounting) from another cause, then ¢ would be small
but strictly positive so that the death rate of the fever
subpopulation would correctly reflect the person-years
lived. A value of ¢ between O and | means that fever
cases saved from dying of malaria have some excess
mortality, but less than untreated fever cases. At the
other extreme, if fever cases, whose death from malaria
is averted by chemotherapy, have only the risks of death
of individuals never infected by malaria, then by
definition ¢ ! and competing risks are completely
controlled.

In principle, ¢ could be measured by longitudinal
obscrvations of treated fever cases. However, such a
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special-purpose study is likely to be impractical. It is still
possible to estimate ¢ crudely because, as noted, the
action of competing risks appears to depend on the social
contcxt of the mcp. Where a chemotherapeutic pro-
gramrme is an isolated effort, it would be reasonable to
make: ¢ small. Where a chemotherapeutic programme is
part of a multifaceted or eradication programme, and
these in turn are part of extensive social development, it
would be reasonable to estimatc ¢ large, and close to 1.
In any event, it would be desirable to compute d” twice,
by considering the extreme cases ¢ = 0 and ¢ = 1, to
see whether the uncertainty about ¢ materially affects the
estimate d’.

Another possible form of sensitivity analysis would be
to consider other formulations of the success coeficient.
The above formulation of the success coefficient and of
effective success is additive because excess mortality is
measured by the difference d; — dy. If excess mortality
were measured by the mortality ratio d¢/dy, a multiplica-
tive version of the success coefficient could be defined,
as pointed out by Horiuchi (S. Horiuchi, personal
communication, 19 December 1986). For the extreme
values 0 and 1 of the effective success coefficient, the
results of using the additive and multiplicative versions
are identical. The additive version is used here because
the formula for it is simpler.

Chemotherapy prevents reinfection of the subpopula-
tion of fever cases, only for a negligible period of time.
During the period when a treated individual has no or
few parasites in his peripheral blood, he has a reduced
risk of infecting a mosquito that bites him, and that
mosquito therefore has a reduced risk of infecting
another human on which it feeds ‘later. Thus, there is
some impact, in principle, of chemotherapy on the subse-
quent incidence of human malarial infection. However,
unless the chemotherapy programme reaches most of the
population at risk nearly simultaneously, the impact of
chemotherapy on subsequent malarial incidence seems
likely to be small. In any event, it is virtually unmeasur-
able as a separate effect. At the same time, chemotherapy
of fever cases does not diminish the flux of parasitemic
cases into the subpopulation of fever cases. Hence, I sup-
pose, as a first approximation, that in areas of intense
transmission a chemotherapeutic programme has no
effect on the size of the subpopulation of fever cases.

In summary, under a chemotherapeutic programme,
the death rate and relative size of the subpopulation of
fever cases are

df = dg + (1 = c-sp)(df — dy),

pf = pr

The mortality d; among never-infected individuals after
the programme may differ from that d, before the pro-
gramme for reasons unconnected with the mcp. Then the
death rate d’ of the population after the programme is in
place. continually treating fever cases, is predicted to
become

d” = po-dg + pr-df + pp-dy + pi-di’, @)



with d; given above. Where no information to the con-
trary is available, it is parsimonious to assume that dy =
do’, db = db, and di = di"

Though age is not mentioned in this model, the model .

is intended to be applied separately to .1ge groups that
have notably different values of the death rates or sub-
population proportions. As suggested by Ewbark (D. C.
Ewbank, personal communication, 10 Dzcember 1986),
suppose, for example, that if an attack of malaria coin-
cides with weanling diarrhoea, the child has a high risk
of death from or with malaria, but if the child suffers a
malarial infection after the weanling diarrhoea is past,
the mortality from or with malaria is much reduced. To
anticipate the impact of a chemotherapeutic programme
on children in this situation, it would be appropriate to
apply the above model separately to pre- and post-
weaning age groups, in combination with standard demo-
graphic cohort projection. Chemotherapy in the pre-
weaning group would leave more children alive to
benefit from the lower malarial death rates of the post-
weaning group.

Multifaceted programmes

The success of a multifaceted programme may be
measured by four average “success coefficients™: s;, the
fraction of excess mortality from malaria that is
prevented by chemotherapy among fever cases (exactly
as in a chemotherapeutic programme),

sg = 1 — [df — dgl/[df — dol;

Sp, the fraction of excess mortality with malaria that is
prevented by chemotherapy and chemoprophylaxis
among currently infected cases,

s =1 — [dy — dgl/[dy — dol;

sg, the fractional reduction in the size of the subpopula-
tion of fever cases,

sg = 1 — pflpgs

and sg, the fractional reduction in the size of the sub-
population of currently infected cases,

sg = 1 — py/po-

How are these success coefficients to be estimated,
short of carrying out the mcp and waiting to see what
happens? The fractional reductions in excess mortality s;
and s, could be estimated crudely from the mcp plan as
the programme’s anticipated coverage of the subpopula-
tions of, respectively, fever cases and currently infected
cases. The fractional reductions in the subpopulations of
fever and currently infected cases could be measured
after the fact, in the course of epidemiological surveil-
lance once the mcp is in place. Alternatively, mathemati-
cal models of malarial transmission (see, e.g., Dietz,
1986; Gonzalez-Guzman, 1980) could be used in advance
to derive a predicted post-control parasite rate P’; a
“success coefficient” sp for reducing the parasite rate
could then be estimated from
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sp =1 — P/P

and, until better information is available, one could take
sg = sg = sp. The model presented here does not pro-
vide a prediction of the size of the subpopulations of
fever and currently infected cases after a multifaceted
programme is in place.

The people who leave the subpopulations of fever
cases and currently infected cases as a result of mul-
tifaceted control may be allocated, in this model, to
either of two subpopulations: those never infected, or
those previously infected. Although age has not entered
the model explicitly up to this point, it seems necessary
to introduce age here.

For the youngest individuals (say, 0-4 years), a reduc-
tion in prevalence P is likely to be achieved largely by
reducing the incidence of infection, thereby enlarging the
pool of people never infected. Moreover, such young
children appear biologically incapable of mounting a pro-
tective immune response like that of an adult chronically
exposed to malarial infection. So for never-infected chil-
dren, the size of the subpopulation changes from py,
before multifaceted control, to

Po = Po + SE-Pr + SB'Pv (0-4 years only)
after multifaceted control.

For older individuals, the opposite allocation seems
more sensible. Assuming the population is geographically
homogeneous (or, if not, redefining the population so
that it becomes geographically homogeneous), I will
assume that everyone who would have been infected by
malaria before control becomes infected with some
steady mean frequency after control, and therefore main-
tains -some immune response. This assumption is most
plausible in an environment of stable malaria with fairly
intense transmission, where older individuals experience
chronic malarial infection. When the steady mean fre-
quency of malarial infection is low, as in an environment
of unstable malaria, I am assuming that there is at least
some immunological memory of prior malarial infection
among older individuals.

People who lose a malarial infection as a result of a
multifaceted programme may be quite different from peo-
ple who mount a protective immune response on their
own. But it seems more reasonable that the excess mor-
tality of formerly infected individuals saved from infec-
tion by a multifaceted programme would resemble the
excess mortality of immune cases than that the formerly
infected individuals saved from infection by a multi-
faceted programme would have no excess mortality at
all, like the individuals never infected with malaria.

On the basis of these arguments and assumptions,
among individuals aged five years and older, the relative
size of the subpopulation of previously infected cases
changes from p;, before multifaceted control, to
P =pi + Sppr + SBPo (5 years and older only)
after multifaceted control.

There is no simple relation between the activities of a
multifaceted control programme and the success




coefficients s¢, s,, Sp and sg. Indeed, the effects may be
counterintuitive. Some activities affect only one measure;
for example, chemotherapy of fever cases probably
affects mainly s;. Other activities affect more than one
measure. For example, measures directed against the
mosquito population, such as larviciding and altering
- breeding habitats; measures aimed at separating. the
mosquitoes from people, such as using mosquito nets,
screening windows and spraying the insides of homes
with residual insecticides; and chemoprophylaxis, aimed
at preventing parasites from establishing the asexual life
cycle in the human host, diminish the incidence, and
thereby the prevalence, of malarial infection. But the
measures aimed at the mosquito population and its
attacks on people also diminish the frequency of superin-
fection (repeated inoculation of malarial parasites into
individuals already infected with malaria).

In a population with endemic malaria, it is plausible
that a reduction in superinfection would lower the mean
interval between periods of being free of malaria, that is,
would reduce the mean duration of a spell of malarial
infection, which would in turn lower the excess mortality
with malaria, especially among infants and children, “‘if
chronic malaria affects adversely the general underlying
condition of persons, which is likely” (Molineaux and
Gramiccia, 1980, p. 246). The point is that an activity
such as vector control or screening, which might appear
aimed at incidence or.at prevalence, may also affect
excess mortality. Still other activities, such as mass drug
administration, especially at a sufficiently high frequency,
must affect all measures of success: s;, by curing fever
cases who would otherwise die; s, by reducing the den-
sity of parasites and the consequent pathology; and sg
and s, by terminating bouts of infection.

With currently infected cases as with fever cases, com-
peting risks of death may reduce the demographic net
effect of success in averting both deaths from malaria
and deaths with malaria. The death rates in these two
subpopulations become, after multifaceted control,

df = dg + (1 — c-sp)(dg — dy),
dy = dg + (1 — c-sp)(dp — do).

In summary, using the preceding steps, the death rate
after multifaceted control is estimated to be

d” = [po + se-Po + Se-prldg + (1 — sp)pdf  (3a)
+ (1 — sg)ppdy + pi-di (0-4 years only)
d” = pg-dg + (1 — sp)pd{ + (1 — sp)ppdy (3b)

+ [p; + sg'pp + sg-prld;’ (5 years and older only)

where d¢ and dy are given in the previous equation.
Assume dy = dg and d;’ = d; unless there is information
to the contrary. The logical requirement that the propor-
tions of the four subpopulations sum to 1 both before
and after control implies that py = p; in (3a) and
Po = Po in (3b). But if facts show that after multifaceted
control individuals aged 0-4 years have been previously
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exposed or individuals aged 5 years and older have never
been exposed, the simplifying assumptions made in con-
structing (3a) and (3b) should be modified accordingly.

A high death rate would be estimated by setting
¢ = 0, so that competing risks neutralize any successes
in reducing mortality from or with malaria. A low death
rate would be estimated by setting ¢ = 1, so that indi-
viduals reached by the programme attain the mortal risks
of individuals never infected with malaria.

The same notation ¢ is used for competing risks
affecting both the p; and the p, subpopulations (as well
as for all age groups, if age groups are to be considered)
not because competing risks will have the same effect in
all cases but because it is highly unlikely that data will
be available that would justify assigning different values
to ¢ in different subpopulations. In the happy event that
such data are available, different values of ¢ could, of
course, be introduced.

Eradication programmes

Like multifaceted programmes, eradication pro-
grammes lower the parasite rate. However, by reducing
incidence to O, eradication programmes, unlike control
programmes, eventually eliminate the subpopulation of
people previously infected. At the older ages, as time
passes, the decline in the p; and p, subpopulations will
be compensated by a rise in the Py subpopulation (never
infected), rather than in the p; subpopulation (previously
infected).

The reason for the difference is that in a control pro-
gramme, with a positive steady-state prevalence of
malarial infection, individuals shuttle irregularly between
a state of being infected and a state of being previously
but not currently infected. The proportion infected is
P = p; + p, and the proportion previously but not
currently infected is p;. Individuals in the subpopulation
p; suffer the after-effects of sporadic (unstable) or chronic
(stable) malaria. Under malarial eradication, the subpop-
ulation p; gradually loses members by death, and the
excess mortality of individuals originally in p; gradually
declines as any constitutional weakening and immunolog-
ical stimulation of prior malarial infection fade into the
past.

Unfortunately, I do not know of quantitative informa-
tion about the post-eradication rate of decline or asymp-
tote of the excess mortality of previously infected indi-
viduals. As Singer pointed out (B. H. Singer, personal
communication, 16 December 1986), it may be possible
to extract generalizations about the post-eradication
decline of excess mortality of previously infected individ-
uals from the numbers of cases of malaria and numbers
of malaria deaths in European countries (Bruce-Chwatt
and de Zulueta, 1980). The difficulties of interpreting the
available numbers are serious (for example, are the
reported malarial deaths from, with or following
malaria?) but the possibility of extracting useful informa-
tion from them deserves study.

Because the decline in the subpopulation of previously
infected people depends on the passage of time, it is
natural to embed this model for the mortality effects of
successful mcps in a standard demographic cohort-



component projection (e.g., Keyfitz, 1968). For concrete-
ness, suppose the entire human population is treated as a
collection of age-specific populations of individuals aged
0-4 years, 5-9 years and so on. These age groupings are
conventional in demography.

Let t = O be the year eradication is achieved, so that
t 2 0 is the number of years since the last endogenous
malaria case. Also, let (t, n) refer to the population of
individuals aged n to n + 4 years in year t. Eradication
means that there are no more fever cases and no more
currently infected individuals, that is, for t > O,
pi(t, n) = py(t,n) =0, forn = 0, 5, 10, 15, . ..

It remains only to describe py(t, n) and p;'(t, n). For
t > n + 4, the age group n to n + 4 contains only in-
dividuals born after eradication, and such individuals
have never been infected, by the definition of eradication
(and ignoring migration from other regions where
malaria may still be endemic). Hence,

d’(t, n) = do(t, n),

when t > n + 4. In this equation, the death rate of
individuals aged n to n + 4 who were never infected
with malaria is denoted as a function of time dg(t, n) to
allow for the possibility that this death rate may change
as a result of factors having little to do with malaria or
its control.

At t = 5m years post-eradication (m = 0, 1,2, .. ),
where t < n, the age group n to n + 4 contains individ-
uals who were alive at the time of eradication and who
were aged n —t to n —t + 4 at that time. Let
po(0, n — t) denote the proportion of never-infected
individuals in the age group n — t to n — t + 4 just
prior to eradication; similarly for pi(0, n — t),
p(0,n —t) and pi0,n —t). Let pg(t, n) and
pi'(t, n) denote the proportions of never-infected and of
previously infected individuals t years after eradication
(when t = 0, this means just after eradication) in the
age group n to n + 4. As stated above,

pr(0, n) = py(0, n) = 0.
Immediately after eradication,

pi(0, n) = pi(0, n) + pi(0, n) + py(0, n),
for every n,

because eradication does not remove the fact of past
malarial infection from the p; subpopulation, and after
eradication the fever and parasitemic cases join the ranks
of the previously infected. After n + 5 years have
~ passed since eradication, the population aged n to n + 4
years will have no previously infected individuals,
because all individuals aged n to n + 4 will have been
born after eradication. In symbols,

p’(n + 5,n) =0,n=0, 5,10, - - -
Consequently, the excess mortality of the p; subpopula-

tion becomes O by n + 5 years post-eradication, because
the p; subpopulation vanishes.

What is uncertain, as I stated before, is how the aggre-
gate excess mortality of the p; subpopulation declines
from p;(0, n)[d;(0, n) — dy(0, n)] just before eradica-
tion to O after n + 5 years. This ignorance will be
described quantitatively, dealing first with the decline in
per capita excess mortality d;'(t, n) — dg(t, n) and then
with the decline in the size p;’(t, n) of the p; subpopula-
tion.

Just prior to eradication, d;(0, n) — dy(0, n) is the

" average per capita excess mortality of previously infected

individuals aged n to n + 4 years. After t years, this
same cohort, now aged n + t to n + t — 4, will, by
definition, have per capita excess mortality

d'(t, n + t) — dg(t, n + t) = [di(0, n)
— do(0, n)1f(t, n)

where the unknown function f(t, n) describes the decay
in excess mortality: f(0, n) = 1 and f(t, n) > 0 for all
t and f(t, n) is non-increasing with t. For practical appli-
cations of the model, it might be reasonable to assume
that f(t, n) declines exponentially and independently of
the initial age n, for example, f(t, n) = exp(—Dt).
Under this assumption, (In 2)/D is the half-life of excess
mortality of previously infected individuals, that is, the
number of years required for the excess mortality of pre-
viously infected individuals to fall by half.

Two bits of evidence may be indirectly relevant to
estimating the half-life of excess mortality of previously
infected individuals. First, the half-life of the immuno-
globulin IgG is estimated at 23 days, and other immuno-
globulin classes (IgA, IgD, IgE and IgM) break down
much more rapidly (Davis and others, 1973, p. 483).
Secondly, schoolchildren living in a highly malarious
area of East Africa who were protected from infection
for between one and two months by the administration of
antimalarial drugs displayed a substantial loss of clinical
immunity to malaria when drug treatment was ter-
minated, as many of the new infections caused more
severe clinical symptoms and parasitemia than had pre-
vailed before treatment (Pringle and Avery-Jones, 1966).
The concordance between the half-life of IgG and the
decay-time of clinical immunity to malaria is remarkable.
Unfortunately, a direct link between these two facts and
the decay of excess mortality of previously infected indi-
viduals remains to be made.

If t were measured in years, and excess mortality
decayed exponentially with the same half-life as IgG,
then D = 11 and the excess mortality of the previously
infected would be unmeasurably small even half a year
after eradication. The form of this decay may depend on
the eradication programme; for example, medical care
for previously infected individuals could accelerate the
decline of their excess mortality. In the absence of
directly relevant data, other functional forms and param-
eter estimates for the decline function f(t, n) are equally
plausible.

The decline in the size of the p; subpopulation can

* now be described by simple equations. At time t, where

0 €t < n + 5, the population aged n to n + 4 years



contains a fraction py(t, n) of individuals never infected,
who suffer per capita mortality dg(t, n), and a fraction
pi'(t, n) 1 — pg(t, n) of individuals prev.ously
infected, who suffer per capita mortality

d(t, n) = dg(t, n) + [di(0, n — 1)
—dg(0, n — t)]f(t, n — t).

As a rough approximation (better approximations are
given by Keyfitz, 1968), using five-year death rates, and
ignoring immigration and emigration, the number of
never-infected individuals aged n + 5 to n + 9 y at
time t + 5 is proportional to pg(t, n)[1 — dg(t, n)]
and the number of previously infected individuals aged
n+5 ton+9 at time t + 5 is proportional to
pi'(t, n)[1 = di'(t, n)]. Consequently, the proportion of
never-infected individuals aged n + 5 to n + 9 at time
t+ 5is

po(t + 5, n + 5) = po(t, n)[1 — dg(t, n)]
/ps(t, nfl — dg(t, n))

+ pt, L — (e, nl].

The proportion of previously infected individuals is then
pi(t+5n+5)=1-pyt+5n+5).

From these last two equations, given some assumed form
for f(t, n), the proportions py(t, n) and p;’(t, n) can be
calculated for all times t post-eradication and all age
groups n to n + 4. The crude death rate d’(t, n) of the
age group can be calculated as a weighted mean,

d’(t, n) = pg(t, n)dg(t, n)
+ Pil(t, n)di/(t9 n)r

and the cohort can be projected by the standard cohort-
component method.

The method depends, of course, on facts or assump-
tions about the decay function f(t, n). Regardless of
uncertainty about the form of f(t, n), the end points at
f(0, n) = 1 and p;/'(n + 5, n) = 0 are clear.

This very simple model can explain how the mortality
gains from eradication can substantially exceed the direct
reduction in mortality from or with malaria, as Mol-
ineaux (1985) observed. Ignoring age structure for a
moment, and assuming that the background death rate d,
of individuals never infected with malaria is constant
before and after control, the aggregate post-control
reduction in mortality, after all previously infected indi-
viduals have died, is p(d; — dp) + ps(dy, — dg) +
pi(d; — dg). This reduction may greatly exceed the sum
of the averted deaths from malaria pg(d; — dy) and
averted deaths with malaria p,(d, — dg). The model
not only explains this effect qualitatively, but shows that
the size of the effect should depend on the time since
eradication (cf. Giglioli, 1972). The model gives a way
of estimating the size of the effect quantitatively, given
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facts or assumptions about the decay f(t, n) of excess
mortality of individuals previously infected.

It is plausible that an eradication programme can be
put in place and made to hold only amid considerable
social development. If so, it is equally plausible to evalu-
ate the competing risk control coefficient ¢ as ¢ 1,
pending data to the contrary (particularly evidence of
drug resistance).

Will an eradication programme cause a larger eventual
decline in mortality where malaria is intense and stable
or where malaria is epidemic and unstable? The answer
depends on the relative size of the excess mortality in the
p; subpopulation versus that in the p; and p, subpopula-
tions. Recall that the excess mortality of the p; subpopu-
lation is likely to be substantial in stable malaria com-
pared with that in unstable or epidemic malaria. By con-
trast, the excess mortality of the p; and py, subpopulations
is likely to be substantial in unstable or epidemic malaria
compared with that in stable malaria. Eradication eventu-
ally eliminates both the p; subpopulation and the pr + py
subpopulations, and the magnitude of the population’s
mortality decline depends on the balance of the sizes of
these subpopulations and the excess mortalities in them.

NUMERICAL EXAMPLE: THE GARKI PROJECT

One of the most carefully planned and reported field
experiments in malaria control is the Garki project (Mol-
ineaux and Gramiccia, 1980). The project was carried
out in Kano State, northern Nigeria, by the World Health
Organization in co-operation with the Government of
Nigeria. Malarial transmission in this area is intense and
stable: prior to any intervention, the crude parasite rate
for P. falciparum infection for all villages combined
exceeded nearly 50 per cent year-round, while the crude
parasite rate for P. malariae infection exceeded 10 per
cent year-round. Because eradication was neither a goal
nor a result of the project, the Garki project is an exam-
ple of a multifaceted programme. No effort was made to
provide comprehensive social and economic develop-
ment.

In the baseline phase of the project, the parasitology,
immunology, clinical signs and demography of the study
population were observed. In the intervention phase,
several malaria control strategies, including mass drug
administration and spraying of residual insecticides, were
carried out in different combinations in different villages.
Data from the villages that received the most intense
treatment (follow-up units 5 and 7) will be the subject of
attention here. During the intervention phase, some vil-
lages also received no treatment (follow-up units 1 and
2).

On the basis of differences in immune function and in
the prevalence of infection with P. falciparum malaria,
three age groups will be treated as separate populations:
0-4 years, 5-18 years and 19 years and older. Table 1
shows d, the death rates (from all causes) of these three
age groups before control, and d’, the corresponding
estimates after control (estimated from the statistics on
follow-up units 5 and 7). The post-control death rates
(d") are uniformly and substantially lower than those



DEATH RATES OF MALARIA SUBPOPULATIONS
IN THE GARKI PROJECT

TABLE 1.

Population (age group in years)

Line Parameter 04 5-18 19+

Villages where treatments were applied (follow-up units 5, 7)

(1) d, death rate per year before cuntrol .190 014 018
(2) d’, death rate per year after control.. .063 .007 .009
"(3) po. proportion never infected .......... 20 0 0
(4) py, proportion of fever cases ........... A1 .07 04
(5) py, proportion currently infected ..... .69 .78 36
(6) p;, proportion previously infected.... 0 15 .60
(7) P, parasite rate .......cccvvrvueeeeisenennns .80 .85 .40
(8) dy, death rate of never infected.. .163 .012 015
(9) d, death rate of fever cases ............ 253 019 .024
(10) dy, death rate of currently infected... .187 014 018
(11) d;, death rate of previously infected . unknown .012 .018
Villages where no treatments were applied (follow-up units 1, 2)
(12) d, death rate per year before control .187 .008 027
(13) d, death rate per year after control.. 124 .004 .017
(14) F, factor of exogenous decline ind .. .663 5 630

NoOTES:

The estimates in table 1 are based on two sources (see references):
A World Heaith Organization (1975)
B Molineaux and Gramiccia (1980).
Other abbreviations used are:
F figure
T table
page.

Lines (1) and (2). Source A, T 2, gives the infant mortality rate
(IMR) of follow-up units 5 and 7 before and after control. T 10 gives
the death rates of age groups 1-4 years, 5-28 years and 29 years and
older before and after control. I computed d and d’ for 0-4 years as the
weighted mean of the corresponding IMR and death rate for 1-4 years,
using the weights 63/240 and 177/240 given in A, T 1. I set d for age
groups 5-18 years and 19 years and older equal, respectively, to those
given in A, T 10, for age groups 5-28 years and 29 years and older.
For the post-control death rates in the two older age groups, I
smoothed the data as follows. There were one death in 5-28 years and
12 deaths in 29 years and older, giving a death rate for the two groups
combined of 13/(813 + 801) = .008, where 813 and 80! are the sizes
of the two groups. I then required d’(5-18)/d"(19+) d(5-18)/
d(19+) and [813-d'(5-18)+801-d(19+)]/(813+801) = .008.

Line (3). pg(0-4) = 1 = P(0-4). po(5-18) = pe(19+) = 0 on
the basis of B, p. 121, F 25.

Line (4). B, p. 256. T 28. Fever is defined as body temperature of
37.5°C or more. ps(0-4) is the per cent with fever in village cluster 2
at survey 15, age less than 9 years. Village cluster 2 is the only
untreated follow-up unit for which data on fever prevalence are
presented in B, p. 256, T 28. p{19+ ) is the same for age 9 and older.
p{5-18) = [p{(0-4) + p{(19+)]/2. These figures on the prevalence
of fever differ a little from those quoted above from Molineaux and
Gramiccia (1980, p. 258) when *“fever cases™ are defined in this text
because the latter data are pooled over surveys and village clusters.

Line (5). pp = P — pr= line (7) — line (4).

Line (6). I set p;(0-4) = 0. For the two older age groups,
pp=1-P

Line (7). Read from B, p. 144, F 38.

Lines (8), (9), (10), (11). Source A, T 6, gives the IMR in the base-
line phase according to the infants’ parasitological status at the begin-
ning of an interval of observation. Infants who were uninfected had
IMR = .202. Infants infected with P. falciparum who had fewer than
25 per cent of thick film fields positive for asexual stages of the
parasite had IMR = .231. Infected infants who had 25 per cent or
more of fields positive had IMR = .311. Now, the greater the propor-
tion of fields positive for P. falciparum asexual stages, the greater the
probability of fever (B, p. 256, T 29). Hence, I set the ratio .231/.202
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1.15 equal to the ratio dy/dy. and the ratio .311/.202 = 1.55 equal

‘to the ratio d¢/dy. Then, I assumed, for all age groups,

d = po-dp + pi(1.55dg) (Tal)

+ pp(1.15pg) + p;-d;.

(In principle, dy, d, d, and d; could all be computed directly from the
Garki data tape.)

For 0-4 years, p; = 0, so (Tal) determines dy. since d, pg, pr and
py, are given by lines (1), (3), (4) and (5) respectively. From d,,

d; = 1.55dg, (Ta2)

dy =

1.15d,. (Ta3)

For 5-18 years and 19 years and older, (Tal) is not sufficient to deter-
mine either dy or d;. Therefore, I made the further assumption that

(Tad)

do(19+)/d(19+) = do(5-18)/d(5-18)

dy(0-4)/d(0-4)

.163/.190

.858.

In combination, (Tal) and (Ta4) determine the values shown.

As line (3) shows py(5-18) = po(19+) = O, it is important to
point out that dy(5-18) and dy(19+ ) are hypothetical estimates of the
death rates of those age classes in the absence of malarial infection.

An unanticipated consequence of the calculation is that d;(5-
18) = dy(5-18). Young people who lose their infection are estimated
to have the same mortality as those never infected, that is, their mortal-
ity appears to recover to normal once they are freed of infection. How-
ever, d;(19+) = dp(19+). Older people freed of infection suffer
excess mortality that is as adverse as if they were still infected. Quali-
tatively, these findings seem realistic.

Lines (12), (13). The same procedures and sources were used as for
lines (1) and (2), without the smoothing procedure used there.

Line (14). F = line (13) divided by line (12). The ratio .663/.5 of
the largest to the smallest F is much smaller than the ratio (.187 —
.124)/(.027 — .017) of the largest to the smallest of the corresponding
differences between line (12) and line (13); hence, it seems more
economical to summarize the exogenous change in mortality as a multi-
plicative change (multiplication by a factor F) than as an additive
change (subtraction of a constant amount).

before control (d). The present section is devoted to the
question of how well the model of a multifaceted mcp
can predict d’, using only information available prior to
control. All the calculations presented here, being based
on heroic assumptions and good but limited data, are
approximate.

Table 1 gives an internally consistent set of estimated
values for the parameters of the model of a multifaceted
mcp. The notes to table 1 describe in detail how these
values were obtained. In brief, some of the values are
taken directly from Garki measurements, and the rest of
the values are calculated from measurements under
assumptions intended to be reasonable or at least plausi-
ble. The measurements are taken from Molineaux and
Gramiccia (1980) and from an unpublished report of the
World Health Organization (1975), which was used in
preparing their study.

A magnetic tape of the Garki project’s raw data is
availabie, and careful analysis of those data would make




it possible to replace some calculations or guesses in
table 1 with measurements. Because table 1 is intended
only as a realistic numerical illustration, I have been
content here with existing tabulations.

The most vulnerable assumptions made in computing
table 1 are expressed in equations (Tal) to (Ta4), which
are found in the note to lines (8) to (11) of that table. A
first assumption is that the ratios d¢/dy and d,/d, are the
same in all age classes as among infants, and may be
estimated from the ratios of death rates among individu-
als with high and low densities of P. falciparum infec-
tions. A second assumption is that the ratio dy/d for the
two older populations is the same as the ratio dy/d for
the 0-4 years population. These assumptions are not part
of the general model, but are temporary adjuncts that
make it possible to obtain numerical estimates of the
model’s parameters from available tabulations of the
Garki data.”

When the estimated death rate dy of individuals never
infected with malaria (line 8) is compared with the post-
control death rate d’ (line 2) in each population, d’ is
seen to be lower than dy. Even if the mcp could restore
to all individuals the pre-control mortality of the never
infected, it could not lower the mortality of each treated
population as far as the observed mortality fell.

At least three factors could possibly explain how the
post-control mortality of a population might have fallen
below the pre-control mortality of its never-infected sub-
population. First, the multifaceted mcp probably reduced
causes of death in the treated villages in addition to
malaria. Secondly, exogenous factors probably caused a
decline in mortality independently of any mcp. Thirdly,
the numbers of recorded deaths might be so low that the
difference is due to sampling fluctuation. The evidence
pertinent to these factors will be described below.

First, as Vaugelade pointed out (J. Vaugelade, per-
sonal communication, 22 January 1987), in the treated
villages, the antimalarial drug pyrimethamine was admin-
istered in combination with sulphalene, a long-acting sul-
phonamide (Molineaux and Gramiccia, 1980, pp. 23-25).
Independently of malaria control, sulphalene would have
reduced mortality, and most strongly among infants and
young children. Indeed, comparison of lines (1) and (2)
shows that the decline in the death rate, both absolutely
and relatively, was largest among children aged 0-4
years. It is impossible to say whether this difference
among populations should be attributed to sulphalene or
to the mep.

Secondly, exogenous changes in mortality lowered
death rates in villages that were left untreated in both the
baseline and intervention phases (lines 12 and 13).
Without any intervention, death rates declined in those
villages (line 14) to one half to two thirds of the original
level. Since the untreated villages received no drugs or

other treatments, the effects of malaria control and sul- -

phalene contribute jointly to the difference in mortality
between the treated and untreated villages.

Thirdly, the numbers of deaths used to calculate the
estimates in table 1 are low (World Health Organization,
1975). For example, if the rates are given as (the
number of events)/(the population at risk), the infant
mortality rate in follow-up units 5 and 7 was 14/61 dur-
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ing the baseline phase and 9/112 during the intervention
phase, while the death rates of those aged 1-4 years dur-
ing the corresponding phases were 25/142 and 11/194,
respectively; the rates d = 0.190 and d° = 0.063 in
lines (1) and (2) of table 1 for children aged 0-4 years
are weighted means of these fractions. To test the null
hypothesis that there is no difference between the infant
mortality rates of the baseline and intervention phases, [
assume Poisson sampling of deaths and compute X2
corrected for continuity, with one degree of freedom, as
6.38, which has a probability between 0.01 and 0.025.
For children aged 1-4 years, the difference in death rates
is significant beyond the 0.005 level. Thus, there is very
little likelihood of no real decline in the death rate of the
0-4 years population associated with the intervention
phase. The sample sizes of the other estimates in table 1
are similarly small. While it would be possible to test
every asserted difference for statistical significance, it
seems more productive, for this example, to suppose that
the sample sizes are sufficient for wvalid inferences.
Henceforth, attention will be limited to the first two fac-
tors.

The model cannot, and is not intended to, explain
either exogenous changes in mortality or effects of a con-
trol programme on causes of death unrelated to malaria.
At best, it can hope to explain changes in excess mortal-
ity associated with malaria. An independent model or
measurement is required to estimate other changes in
mortality.

Because there is no quantitative information about the
effects of sulphalene on mortality in the treated villages,
this numerical illustration will consider only the exo-
genous change in mortality. The exogenous change can
be estimated by comparing death rates in the untreated
villages before and after control.

Suppose that, in the absence of treatment, the exo-
genous decline in mortality experienced by the untreated
villages would have affected in the same mulitiplicative
way each subpopulation of the treated population. Table
2 gives the hypothetical death rates expected during the
intervention phase for each subpopulation, in the absence
of multifaceted control, adjusting only for the exogenous
factor of mortality decline (lines 15 to 18).

Even after this adjustment, for the population aged 0-4
years, the estimated death rate 0.108 of the never-
infected subpopulation (line 15) still exceeds the death
rate 0.063 actually observed (line 2) after multifaceted -
control. This suggests that the sulphalene supplied in
combination with pyrimethamine contributed to the
decline in mortality of the children aged 0-4 years, or
that the exogenous decline of mortality in the treated vil-
lages was greater than that in the untreated villages for
the population aged 0-4 years, or that the excess of 0.108
over 0.063 could at least partly be due to sampling varia-
bility in the estimates of the death rates.

For the populations aged 5-18 years and 19 years and
older, the estimated death rate d, of the never-infected
subpopulation is smaller than the death rate d actually
observed after multifaceted control.

The death rates adjusted for exogenous mortality
decline (the upper half of table 2) and the proportions of
the subpopulations (in table 1) may be combined to give



TABLE 2. PREDICTED MORTALITY FOLLOWING MALARIA CONTROL
IN THE GARKI PROJECT

Population (age group in years)

Parameter o4 5-18 19+

Villages where treatments were applied (follow-up units 5, 7)

(15) dgF, adjusted rate of never infected .... .108 .006 009
(16) d;F, adjusted rate of fever cases......... 168 010 015
(17) dyF, adjusted rate, currently infected .. 124 .007 011
(18) d;F, adjusted rate, previously infected unknown .006 .011
(19) d’ with multifaceted control success 0. 126 .007 011
(20) d’ with multifaceted control success .S 112 .006 .011
(21) d’ with multifaceted control success 1. .108 .006 011
(22) d’ with eradication, compete success .. .108 .006 .009

063 007 009

(2) d’, death rate observed after control ...

NOTES:

Lines (15), (16), (17), (18). Subpopulation death rates from lines (8),
9), (10), (11), respectively, multiplied by the factor F of exogenous
decline from line (14).

Line (19). d’ = po-dgF + py-diF + p,-d,F + p;-d;F, based on
lines (3) to (7) and (15) to (18).

Line (20). d’ based on text equations (3a) for 0-4 years and (3b) for
5-18 years and 19 years and older, using adjusted death rates from lines
(15) to (18) instead of actual rates and c-sg = ¢-5p = s, = s = 1/2.

Line (21). d’ based on text equations (3a) for 04 years and (3b) for
5-18 years and 19 years and older, using adjusted death rates from lines
(15) to (18) instead of actual rates and c-sg = c'sp = 5, = s = 1.

In lines (19) to (21), the subpopulation-specific death rates were first
adjusted for exogenous decline by the factor F and then the impact of
the mcp was computed using (3a) and (3b). As may easily be verified
algebraically and numerically, the results are identical if the impact of
the mcp on the original subpopulation-specific death rates is computed
first using (3a) and (3b) and the resuits are then adjusted for exogenous
decline by the factor F. The reason is that either way F appears linearly
in all terms on the right sides of (3a) and (3b). Hence, our numerical
procedure makes no implicit assumption about the order of action of the
mcp or the exogenous decline.

Line (22). All individuals have the adjusted death rate of those never
infected. Identical to line (15).

Line (2). Estimated actual death rate, from line (2) of table 1.

the predicted post-control death rates (the bottom half of
table 2) under various assumptions about the success of
multifaceted control or eradication. To facilitate compari-
son of these predicted rates with those actually observed,
table 2 repeats the observed post-control death rates d”.
When the success of multifaceted control is O (line
19), the predicted death rate corresponds to no mcp at
all, and is the result of applying equation (1) to the
estimated subpopulation proportions and the adjusted
death rates. For the populations 0-4 years and 19 years
and older, no success is predicted to have resulted in
death rates higher than those observed. For the popula-
tion aged 5-18 years, the observed death rate is indistin-
guishable from that estimated assuming no success.
Setting the success of multifaceted control equal to 1
(line 21) is a hypothetical extreme, because it
corresponds to the complete elimination of fever cases
and of currently infected cases. This extreme may be
viewed as the limit of a highly successful multifaceted
control programme; the Garki project, for example, did
succeed in reducing the prevalence of infection by 95 per
cent or more (Molineaux and Gramiccia, 1980, p. 144).
The same set of model parameters may be interpreted to
describe an eradication programme just after eradication
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has been achieved, before the previously infected cases
have died out or lost their excess mortality due to prior
infection.

For the youngest population, 0-4 years, the greater the
success of multifaceted control, the lower the estimated
death rate. However, eradication offers no furtter lower-
ing of mortality beyond that attained by completely suc-
cessful multifaceted control, because, according to the
model, the youngest population has no subpopulation of
previously infected.

For the oldest population, 19 years and older, the suc-
cess of multifaceted control, whether O or 1, makes a
negligible difference in mortality. The reason for this
perhaps surprising finding is that, with no individuals
never infected and very few fever cases, this population
consists overwhelmingly of individuals currently infected
or previously infected. Multifaceted control shifts indi-
viduals from the currently infected subpopulation to the
previously infected subpopulation. But according to
table 1, these two subpopulations are estimated to have
nearly identical mortality. Hence, there is no change in
mortality with more successful multifaceted control.
However, eradication would eventually - assure that the
entire population was never infected by malaria. This
shift would lower the estimated death rate to that actually
observed.

Finally, for the population of intermediate age, 5-18
years, increasingly successful multifaceied control and
eradication are estimated to cause very small declines in
mortality because the adjusted death rates dyF, dyF and
d;F of the largest subpopulations are so similar.

The range of estimated death rates for the populations
5-18 years and 19 years and older does include the
actual death rate observed after control, but the range
estimated for the population aged 0-4 years is too high
(as previously mentioned).

In a real use of the model, as pointed out by Rabino-
vich (J. Rabinovich, personal communication, 26
December 1986), it would be important to carry out a
thorough sensitivity analysis to determine how vulnerable
the predictions are to sampling or observational errors,
such as false positives and false negatives. Since the
numbers used here are based partly on bold assumptions,
a sensitivity analysis of them is justified only to illustrate
the method. Suppose, for example, that the population
aged 0-4 years had not 20 per cent never infected (as in
line (3)) but 10 per cent, and that 5 per cent had been
previously infected (instead of O as in line (6)) and 74
per cent were currently infected (instead of 69 per cent
as in line (5)). Suppose also that the death rate d; of the
previously infected was 0.012, the same as for the age
group 5-18 years in line (11). These assumptions lead to
a pre-control death rate d = 0.183, slightly below the
d = 0.190 shown in line (1). The predicted post-control
death rates are also slightly lower. The predicted values
of d’ for lines (19), (20) and (21) become 0.121, 0.108
and 0.103. Thus, even assuming that half of the infants
and young children are false negatives does not lower the
predicted death rate with complete success as far as the
death rate d° = 0.063 observed after control.

The present section began with the question of how
much useful information the model could give about the



post-control death rate of a population, given only esti- -

mates of the model’s parameters prior to control and esti-
mates of the planned control effors. The numerical
_example given here suggests that the nodel can do quite
well at predicting the post-control duath rate, -provided
the exogenous change in mortality and the effects of the
mcp on other causes of mortality in the treated popula-
tion are known. The change in mortality that would have
occurred in the absence of the mcp can be predicted,
prior to control, by an independent theory derived from
some other source; or it can be measured, after control,
in an untreated population whose death rates are known
or believed to behave like those of the treated popula-
tion. For example, routine vital statistics in an ecologi-
cally similar country neighbouring the treated country, or
in a yet untreated portion of the treated country, might
be used to evaluate exogenous mortality. The effects of
the mcp on non-malarial sources of mortality seem more
difficult to estimate, especially if those causes are likely
to interact with malarial mortality. However, without
good information about exogenous and non-malarial
programme-related changes in mortality, the model
presented here cannot be expected to offer much predic-
tive power.

CONCLUSION

This section sketches alternative approaches to estimat-
ing the impact on mortality of mcps. It then reviews
some of the strengths and weaknesses of the models pro-
posed here. Finally, it offers some recommendations for
the collection and analysis of data in the intersection of
malarial epidemiology and demography. These recom-
mendations can be generalized to efforts to predict the
mortality impacts of other major diseases.

Alternative approaches

The essential idea of the models proposed here is that
a large part of the heterogeneity among individuals in the
effects on mortality of mcps can be accounted for by
stratifying the individuals into four subpopulations based
on prior or present experience with malaria. For exam-
ple, a chemotherapeutic programme could be expected to
reduce the mortality of a malarial fever case substan-
tially, but the mortality of a never-infected person hardly
at all. Stratifying to recognize major elements of hetero-
geneity could be pushed much further, as has already
been done by Manton and Stallard (1984) for human
mortality data unrelated to malaria.

In the context of malaria control, as pointed out by
Molineaux (L. Molineaux, personal communication, 9
December 1986), one could determine the cause, such as
malaria and “other”, and other characteristics, such as
age, sex and residence, in a sample of deaths. From
counts of the population at risk in each cross-classified
stratum of age, sex and residence, one could estimate
cause-specific death rates by stratum. One could assume
that malaria and “other” causes act independently within
each stratum, and use the Bernoulli-Makeham procedure
to estimate the impact of removing malaria, stratum by
stratum. Though independence between malaria and
“other” causes of death would be assumed within strata,
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malaria and “other” causes could be correlated overall
(this should be considered as spurious correlation).

This approach demands considerably more, and more
detailed, data than the models proposed here. Because of
the limited number of deaths observed, the data of the
Garki project are not likely candidates for this mode of
analysis. The idea deserves to be kept in mind if more
extensive sets of data become available.

A second alternative approach, as noted by Dietz (K.
Dietz, personal communication, 30 December 1986),
would be to begin with an existing dynamical model of
malarial transmission (e.g., Bailey, 1982; Dietz, 1986)
and consider different death rates for different strata of
people. Interventions that shift the numbers of people in
different strata would lead to changes in death rates. An
advantage of this approach is that it offers the possibility
of describing the transient effects of mcps. A possible
weakness is that estimates of the parameters of such a
model may require more data than the approach taken in
this paper.

Critique of the model

Not one but a family of models has been proposed:
one model for chemotherapy programmes, one for mul-
tifaceted programmes and various possible models for
eradication programmes (depending on the function
chosen for the decay of excess mortality of the previ-
ously infected). Since the underlying ideas of all models
in this family are very similar, it is convenient in the fol-
lowing critique to speak of “the model”, keeping in mind
that various forms are possible.

The model proposed and illustrated here has several
strengths: extreme simplicity, a foundation in the biology
and epidemiology of malaria and a requirement only for
variables that can be measured in the field.

Because the model is extremely simple, it is intellectu-
ally transparent. It rests on no hidden simulations, no
hidden variables, no complex but obscure equations. The
assumptions on which the model is based can be clearly
identified. These assumptions can be modified or
improved as warranted by additional facts or theories.

A second strength of the model is that it attempts to
capture the main biological, epidemiological and demo-
graphic features of malaria in the field. The strategy of
the model, explicit in equation (1), is to stratify the
population into demographically more homogeneous sub-
populations based on how the individual is affected by
malaria. The structure of the model is guided by what is
known of how different kinds of mcps affect the various
subpopulations.

Third, the variables in the model have clear opera-
tional definitions. Almost all of the variables in the
model could be measured directly, or estimated with
very few inferences, from the raw data of the Garki
project. Knowing in advance what variables are of
interest, future meps could measure directly all the vari-
ables, with the exception of an exogenous change in
mortality, from data routinely gathered by mcps. Even
the exogenous change in mortality could be estimated
from routinely gathered vital statistics. :

The model also has several weaknesses, some of
which are rooted in its strengths. It assumes homogeneity



within subpopulations. It assumes that mcps affect only
individuals affected by malaria. It ignores seasonality.
With the partial exception of the model for an eradica-
tion programme, it compares only a static “before” with
a static ‘“after”, ignoring the duration and dynamics of
the transition. It requires more detailed epidemiological
and demographic informationithan is routinely available
now. The model for a multifaceted programme does not
predict the sizes of the post-control subpopulations of
fever cases and currently infected cases.

The extreme simplicity of the model means that many
of its assumptions are only approximations to reality. For
example, each of the four subpopulations in equation (1)
is treated as homogeneous (possibly after age strat-
ification). In fact, the mortality of a fever case may
depend strongly on how often or how long the individual
has had fever, but the model omits any duration depen-
dence. The mortality of an infected individual without
fever depends on the density of infection, that is, the
fraction of blood cells parasitized by malaria, but the
model omits any density dependence. The mortality of a
previously infected individual without fever or parasites
may depend strongly on his or her immune titre, but the
model omits any dependence of mortality on titre other
than an all-or-none classification as positive or negative.
The model omits heterogeneity in residence, as an exam-
ple of an easily measured demographic variable, although
an individual living near a rural swamp is exposed to a
different intensity of reinfection from an individual living
in a city.

The model treats the mortality of the never-infected
population as independent of the mcp, though possibly
subject to exogenous changes. However, Gramiccia and
Hempel (1972, p. 191) mention that, following a malarial
eradication programme in Venezuela, Gabaldon found
decreased death rates among infants and young children
due to diarrhoea and enteritis, “this being probably due,
to some extent, to the action of the anti-mosquito insecti-
cide on flies and other contaminating insects”. Similarly,
antimalarial spraying of DDT in India led to the near-
disappearance of kala-azar in India during the 1950s
(e.g., Sanyal, 1982). Thus, an mcp could affect the mor-
tality of individuals never infected by malaria. The
model omits any such effect.

The model ignores seasonality in the ecology of
malaria. The season in which control measures are
applied will materially affect their impact on incidence,
prevalence and mortality. As presented, the model con-
siders only averages over a year. However, the model
could in principle be adapted to deal with one season as
the unit of time, at the expense of additional complexity.

Beyond ignoring seasonality, the model ignores the
process and impact of the transition from pre- to post-
control. It simply assumes a transition from one steady-
state ecology to another. It offers little guidance, for
example, about how long to wait before measuring the
post-control parameters for comparison with the model’s
predictions.

It is perhaps both a weakness and a strength of the
model that the model requires more detailed epidemio-
logical and demographic measurements than are now
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routinely provided by most demographic systems of vital
registration. The model cannot predict the mortality
impact of mcps where tie required information is
lacking. The model fosters 110 illusions that the mortality
impact of mcps can be pradicted without the required
measurements or estimates. :

However, as Horiuchi pointed out (S. Horiuchi, per-
sonal communication, 19 December 1986), when partial
information is available, it would be sensible to modify
the model to profit from it. For example, if a parasito-
logical survey had been carried out but the prevalence of
fever cases could not be estimated separately, it would
make sense to modify the model to combine the fever
and currently infected subpopulations. Similarly, if a
serological survey identified all individuals with recent or
current malarial exposure, it would be reasonable to sim-
plify the model further by combining the fever, currently
infected and previously infected subpopulations. In short,
though the model asks for additional data, it should be
adapted for use under real conditions.

The model for a multifaceted control programme does
not predict the post-control sizes of the subpopulations of
fever and currently infected cases. The numerical exam-
ple based on the Garki project circumvented the need to
predict the sizes of these subpopulations by considering a
range of possible effects of the mcp (lines (19)-(21) of
table 2). For some practical purposes, such a procedure
may be sufficient. However, it would be useful to be able
to predict the fever and currently infected subpopulations
that will result from a multifaceted programme on the
basis of mathematical models of malarial transmission
(e.g., Gonzalez-Guzman, 1980; Bailey, 1982; Dietz,
1986). The further development of such dynamic models,
suggested above as a second alternative approach, is
really a necessary complement to the simple models pro-
posed here.

Recommendations

Several recommendations for action follow from this
study.

First, it would be informative to analyse the raw Garki
data, and existing data from any other studies with the
required detail, to see whether the predictions of the
model improve or deteriorate when the variables in the
model are measured more directly, with a smaller com-
ponent of conjecture than here.

Secondly, if the results of these analyses are encourag-
ing, it would be informative to test the model further in
countries where malaria may be a major cause of death.
One would need to record, for each dying person,
whether the person was at the time of death feverish, or
was known (preferably on the basis of microscopy) to be
malarially infected, or had been previously malarially
infected. If it is impossible to collect such information on
a national scale, it might be possible to collect it in suit-
ably designed samples of deaths. The -data collection
could be patterned after recent efforts to assess the
causes of deaths in Bangladesh (Zimicki, 1986) and
Senegal (Garenne and Fontaine, 1986); these efforts rely
entirely on non-medical personnel to collect data from




the field. Sample surveys could be used to estimate the
prevalence of malarial fever, malarial infection and prior
malarial infection. These prevalences, in combination
with data on the cause of ‘death, give estimates of the
specific death rates and sizes of the subpopulations
described by the model. Countries considering mcps
could then use the model to try to anticipate the impact
of malarial control on death rates. The considerable
effort and expense required to use the model would be
far less than that required for the Garki project and
could largely be absorbed in the planning phase of an
anticipated mcp.

Thirdly, if the cumulative experience with the model
remains encouraging, the model’s simple strategy,
namely, stratifying the population into epidemiologically
more homogeneous subpopulations, based on the biology
of the disease, might be extended to other diseases with a
major impact on mortality.

This analysis will remain an idle exercise unless peo-
ple in the countries affected by malaria use it, improve it
and adapt it to their own needs. Able epidemiologists in
the countries where malaria is endemic appear to be in
short supply. The steering committee of the scientific
working group on epidemiology of the Special Pro-
gramme for Research and Training in Tropical Diseases
(sponsored by the United Nations Development Pro-
gramme, the World Bank and the World Health Organi-
zation) described the special problems of epidemiology in
the endemic countries (World Health Organization, 1983,
pp. 3 and 4) as follows: “. . . of all disciplines needed in
public health in the tropical countries, epidemiology is
perhaps the most severely neglected. If the tools that are
being developed . . . are to be put to use, then the epi-
demiological [and, I would add, demographic] capabili-
ties of the disease control programmes in endemic coun-
tries must be strengthened. .. . a vital function of the epi-
demiologist in developing countries is often that of
obtaining basic data.” The future of the ideas in this
paper lies with people in the endemic countries who can
put the ideas to work and make them evolve.
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2 However, measles and other causes of death may not always be
complementary as McGregor (1964) reported for measles and malaria;
see, for example, Pison and Langaney (1985).

3 1t might be argued that the spraying of households with DDT and
other toxic residual insecticides, and the mass administration of potent
antimalarial drugs, some with adverse side-effects, open the possibility
that a successful mcp might actually raise death rates eventually. The
potential benefits so far outweigh the minuscule potential risks of mcps
that this theoretical possibility will not receive further analysis here.

4 When it is possible to distinguish malarial fevers from fevers of
other origins, then only malarial fevers should be counted. When this
distinction cannot be made, then the clinical definition quoted above
from Breman and Campbell (1986) should be followed.

5 These definitions refine the proposal of Breman and Campbell
(1986) that “a patient with probable [fever case} or confirmed [parasi-
temic case] malaria who dies becomes a death due to malaria”. The
refinement seems justified by the likelihood that the death rate among
fever cases is higher than the death rate among parasitemic cases
without fever, and by the probability that these two groups of individu-
als will be differently affected by different tactical variants of mcps.

6 An interesting and important question, which I shall not attempt to
answer here, is what happens to mortality if a hitherto successful mcp
is interrupted. This model is premised on the assumption that the mcp
is sustained.

7 It is interesting to compare the fraction of deaths among children
0-4 years from or with malaria in rural northern Nigeria, according to
the figures in table 1, with an estimate of the fraction of infant and
child deaths in which acute malaria can be incriminated as the cause of
death [Bruce-Chwatt, 1952, p. 198] in Lagos, Nigeria. From lines (1)
and (8) of table 1, the fraction of deaths from or with malaria prior to
the Garki mep is 1 — dy/d = 1 —~ 0.163/0.190 = 0.14. Analysing
records of autopsies performed on children in Lagos during the years
1933-1950, Bruce-Chwatt (1952, pp. 198-199) identified acute malaria
as the cause of death in 9 per cent of infants and 14 per cent of chil-
dren aged 1-4 years. Considering the differences in origin between the
Garki project’s population-based data and Bruce-Chwatt’s autopsy
records, the agreement is remarkable, though possibly coincidental.

REFERENCES

Bailey, N. T. J. (1982). The Biomathematics of Malaria. London and
High Wycombe: Charles Griffin.

Banguero, H., C. Nino and C. Aguilar (1982). Los factores
socioecondmicos como determinantes de la mortalidad por malaria en
Colombia. Revista de Planeacion y Desarrollo, vol. 14, No. 2, pp.
85-94.

Breman, J. G. and C. C. Campbell (1986). The Control of Deaths Due
to Malaria in Africa. Malaria Branch, Division of Parasitic Diseases,
Center for Infectious Diseases, Centers for Disease Control, Atlanta.

Bruce-Chwatt, L. J. (1952). Malaria in African infants and children in

__southern Nigeria. Annals of Tropical Medicine and Farasitology, vol.

46, No. 2, pp. 173-200.

(1963). A longitudinal survey of natural malaria infection in
a group of West African adults. West African Medical Journal, vol.
12, pp. 1-52.

and J. de Zulueta (1980). The Rise and Fall of Malaria in
Europe: A Historico-epidemiological Study. Oxford: Oxford Univer-
sity Press.

Dame, J. B. and others (1984). Structure of the gene encoding the
immunodominant surface antigen on the sporozoite of the human
malaria parasite Plasmodium falciparum. Science, No. 225, pp. 593-
599.

Davis, B. D. and others (1973). Microbiology including Immunology
and Molecular Genetics, 2d ed. New York: Harper and Row.

Dietz, K. (1986). Mathematical models for transmission and control of
malaria. In Textbook of Malaria, Wernsdorfer, W. and 1. McGregor,
eds. Edinburgh: Churchill Livingstone (in press).

Ewbank, D., R. Henin and J. Kekovole (1986). An integration of
demographic and epidemiologic research on mortality in Kenya. In
Determinants of Mortality Change and Differentials in Developing
Countries (United Nations publication, Sales No. E.85.XIIL.4), pp.
33-85. .



Garenne, M. and O. Fontaine (1986). Assessing probable causes of
deaths using a standardized questionnaire: a study in rural Senegal.
Seminar on Comparative Studies of Mortality and Morbidity: Old
and New Approaches to Measurement and Analysis, Siena, Italy, 7-
12 July 1986. Committee on Comparative Mortality Changes. Ligge:
Internationa! Union for the Scientific Study of Population.

Giglioli, G. (1972). Changes in the pattern of mortality following the
eradication of hyperendemic malaria from a highly susceptible com-
munity. Bulletin of the World Health Organization, vol. 46, pp.
181-202.

Gonzalez-Guzman, J. (1980). A mixed program for parasitic disease
control. Journal of Mathematical Biology, vol. 10, pp. 53-64.

Gramiccia, G. and J. Hempel (1972). Mortality and morbidity from
malaria in countries where malaria eradication is not making satisfac-
tory progress. Journal of Tropical Medicine and Hygiene, vol. 75
(October), pp. 187-192.

Gray, R. H. (1974). The decline of mortality in Ceylon and the demo-
graphic effects of malaria control. Population Studies, vol. 28, No.
2, pp. 205-229.

Humphrey, J. H. and R. G. White (1970). Immunology for Students of
Medicine. Philadelphia: F. A. Davis.

Hunter, G. W., W. W. Frye and J. C. Swartzwelder (1966). A Manual
of Tropical Medicine. Philadelphia and London: W. B. Saunders
Company.

Kasongo Project Team (1981). Influence of measles vaccination on sur-
vival pattern of 7-35-month-old children in Kasongo, Zaire. The Lan-
cet (4 April), pp. 764-767.

Keyfitz, N. (1968). Introduction to the Mathematics of Population.
Reading, Massachusetts: Addison-Wesley.

Manton, K. G. and E. Stallard (1984). Recent Trends in Mortality
Analysis. New York: Academic Press.

McGregor, I. A. (1964). Measles and child mortality in the Gambia.
West African Medical Journal, vol. 13, pp. 251-257.

Meegama, S. A. (1986). The mortality transition in Sri Lanka. In
Determinants of Mortality Change and Differentials in Developing
Countries (United Nations publication, Sales No. E.85.XIII.4), pp.
5-32.

Molineaux, L. (1985). The impact of parasitic diseases and their con-
trol, with an emphasis on malaria and Africa. In Health Policy,
Social Policy and Mortality Prospects, Vallin, J. and A. D. Lopez,
eds. Liége: Ordina Editions.

— —_ and G. Gramiccia (1980). The Garki Project: Research on
the Epidemiology and Control of Malaria in the Sudan Savanna of
West Africa. Geneva: World Health Organization.

Newman, P. (1965). Malaria Eradication and Population Growth: With
Special Reference to Ceylon and British Guiana. Research Series No.
10. Ann Arbor: Bureau of Public Health Economics, School of Pub-
lic Health.

(1977). Malaria and mortality. Journal of the American Sta-
tistical Association, vol. 72, pp. 257-263.

Pampana, E. J. (1955). Effect of malaria control on birth and death
rates. In Proceedings of the World Population Conference, 1954,
Rome, 31 August-10 September 1954, vol. 1 (United Nations publica-
tion, Sales No. 1955.XIII.8).

Peterson, A. V. (1976). Bounds for a joint distribution function with
fixed sub-distribution functions: application to competing risks.
Proceedings of the National Academy of Sciences, vol. 73, pp. 11-
13.

Pison, G. and A. Langaney (1985). The level and age pattern of mor-
tality in Bandafassi (eastern Senegal): results from a small-scale and
intensive multi-round survey. Population Studies, vol. 39, No. 3, pp.
387-405.

Preston, S. H., N. Keyfitz and R. Schoen (1972). Causes of Death:
Life Tables for National Populations. New York: Seminar Press.

Pringle, G. and S. Avery-Jones (1966). Observations on the early
course of untreated falciparum malaria in semi-immune African chil-
dren following a short period of protection. Bulletin of the World
Health Organization, vol. 34, No. 2, pp. 269-272.

Sanyal, R. K. (1982). Kala azar in India—its importance as an issue in
public health. World Health Organization Expert Committee on
Leishmaniases (LEISH/WP/82.30). Geneva.

26

Spiegelman, M. (1968). Introduction to Dentography, rev. ed. Cam-
bridge: Harvard University Press.

Tufte, E. R. (1974). Data Analysis for Politics and Policy. Englewood
Cliffs: Prentice-Hall.

United Nations (1986). Determinants of Monality Change and
Differentials in Developing Countries: The Five-Country Case Study
Project. Sales No. E.85.XII1.4.

Voller, A., V. H. P. T. Meuwissen and J. P. Verhave (1980). Methods
for measuring the immunological response to plasmodia. In Malaria,
Immunology and Immunization, J. P. Kreier, ed., vol. 3, pp. 67-109.

- New York: Academic Press.

Wirth, D. F. and others (1986). Leishmaniasis and malaria: new tools
for epidemiologic analysis. Science, vol. 234, pp. 975-979.

World Health Organization (1975). Demographic report [of the Garki
project]. Unpublished document (MPD 012/78.09, IR0172). Geneva.
World Health Organization.

(1983). Report of the Steering Committee of the Scientific
Working Group on Epidemiology, July 1978-Junc 1983 (TDR/
EPID/SC-SWG(78-83)/83.3). Geneva.

(1986). WHO Expert Committee on Malaria. Eighteenth
Report. Technical Report Series 735. Geneva.

Wyler, D. J. (1983). Malaria—resurgence, resistance, and research.
New England Journal of Medicine, vol. 308, pp. 875-878 and 934-
939.

Yekutiel, P. (1960). Problems of epidemiology in malaria eradication.
Bulletin of the World Health Organization, vol. 22, pp. 669-683.

Zimicki, S. (1986). Old and new approaches to assessment of the cause
structure of mortality: a case study from Bangladesh. Seminar on
Comparative Studies of Mortality and Morbidity: Old and New
Approaches to Measurement and Analysis, Siena, lItaly, 7-12 July
1986. Committee on Comparative Mortality Changes. Liége: Interna-
tional Union for the Scientific Study of Population.

ANNEX
Symbols

Symbols without a prime refer to pre-control conditions. Symbols
with a prime (") refer to post-control conditions.

c competing risk control coefficient

D coefficient that describes the decay of excess mortality

d death rate of the population

dy death rate per year of individuals never infected with
malaria

d, death rate per year of individuals currently infected,
without fever

de death rate per year of fever cases

d death rate per year of previously infected individuals

F factor of exogenous decline in mortality

f(t, n) decay function for excess mortality of previously infected
persons

P parasite rate = pp + py

Po proportion of individuals never infected with malaria

P proportion of individuals currently infected, without
fever

Pi proportion of fever cases

P proportion of previously infected individuals

S spleen rate or sero-positive rate or serum rate = P + p,

S success in reducing the excess mortality of parasitemic
cases

sg success in reducing the proportion of parasitemic cases

Sp success in reducing the excess mortality of fever cases

SE success in reducing the proportion of fever cases

Sp success in reducing the parasite rate

t years after eradication



