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PREFACE

We hope that this volume will provide, as we hope previous volumes
have done, an interesting mixture of stimulating and up-to-date reviews in
the broad field of parasitology. Now that so much emphasis is being
placed on the ‘“‘molecular’” aspects of the subject—with very fruitful
results in many areas—we feel it is important not to forget that parasitol-
ogy is, essentially, an ecological subject concerned fundamentally with
inter-specific relationships. The reviews in this volume by R. M. Ander-
son and R. M. May, L. E. A. Symons, and H. Hoogstraal particularly
remind us of this, as indeed does that by J. J. Petersen—while also em-
phasizing a practical and economically important aspect of the subject.
Dr. Petersen’s review, covering the Mermithidae, will be complemented
by a second instalment by R. Bedding in a subsequent volume, dealing
with the Tylenchida and Rhabditida. M.-C. Durette-Desset’s review is in
the classical tradition of evolutionary morphology and taxonomy—funda-
mental building blocks in the structure of parasitology, the importance of
which should not be forgotten. It also provides fascinating reasoned spec-
ulations on the coevolution of parasites and hosts. We intend that any
apparent bias against protozoology in this volume will be corrected in the
next two, though the protozoa are of course, included within the two
general reviews in the current volume and Dr. Hoogstraal’s contribution
also relates very closely to protozoology.

1985 J. R. BAKER
R. MULLER
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1. INTRODUCTION

The methods employed in the epidemiological study of helminth infec-
tions within human communities have changed surprisingly little over the
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2 R. M. ANDERSON AND R. M. MAY

past 60 years. The pioneering work of various American and European
epidemiologists in the early 1920s, on hookworm and other intestinal
nematodes, compares very favorably in quality with much of the recently
published work (e.g., Stoll, 1923; Cort, 1922; Payne, 1924; Augustine,
1923a,b, 1926; Chandler, 1925; Sawyer, 1925; Hill, 1926; Docherty, 1926;
Kendrick, 1934). The methods they employed, the large samples of peo-
ple they examined, and the conclusions they arrived at remain as relevant
today as when their work was first published.

In one sense this is a tribute to the early research. In another sense,
however, it is perhaps an indication of a lack of progress in this field of
epidemiological study. Many factors may help explain this observation,
not least of which are the numerous practical difficulties inherent in the
field study of endoparasites of man, where ethical considerations prohibit
certain forms of experimental work and where indirect methods must be
employed to record changes in parasite prevalence and intensity within
human communities. The hope that advances in our understanding of
immunological responses to helminth invasion would yield reliable diag-
nostic methods, of a quantitative character, has as yet to be realized. This
is to a large extent a consequence of the complexity of the surface anti-
genic structure of macroparasites and the difficulties encountered in the
identification of stage-specific surface or excretory antigens which do not
cross-react serologically with those of other parasite species. Modern
biochemical methods employing monoclonal antibody techniques may
resolve these difficulties. Encouragingly, some progress has already been
made in this direction; for example, reliable diagnostic methods should
soon be available for detecting the presence or absence of filarial infec-
tions in man (Maizels et al., 1983). It could be argued, however, that past
concern with the relevance of immunological processes in helminth trans-
mission have to some extent distracted attention from the basics of good
epidemiological study such as quantitative measures of levels of infection,
good sampling design, innovative experimental approaches in field study,
and analysis of the significance of human or vector behavior.

To an ecologist it may appear surprising that the advances made over
the past 50 years in our understanding of the population dynamics of
animal and plant species have not had a greater impact on epidemiological
research. This may be a consequence of the tendency for medical atten-
tion to be focused on the course of parasitic infection (and the associated
pathology) within an individual person as opposed to the community as a
whole. Indeed this trend is equally apparent in research on the control of
helminth parasites. There exists a marked discrepancy between our
knowledge of how to treat an individual and how to control the infection
within a community.
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A community approach clearly depends on a thorough and detailed
understanding of the population dynamics of human parasites. This im-
portant but neglected area of epidemiological study is one in which mathe-
matical methods can play a significant role. The rationale and philosophy
behind the application of mathematics to medical or biological research
have been expounded by many people in recent years (e.g., Fisher, 1930;
Bartlett, 1960; Maynard-Smith, 1968; May, 1974; Bailey, 1975). We there-
fore do not wish to repeat these arguments but simply point out a few of
particular relevance to helminth epidemiology.

There has been a tendency among tropical public health workers to
reject the insights produced by mathematical models on the grounds that
too many simplifying assumptions are made despite known biological
complexity. This is sometimes true and needs to be rectified, but there is
an important counterargument. It is often necessary, and indeed helpful,
carefully to eliminate simple hypotheses as explanations of observed phe-
nomena before moving onto moré complex postulates. The failure to do
so will leave the lingering doubt that although the biological phenomena
under study is complex by nature, a few simple processes may dominate
the generation of observed patterns. Simple mathematical models in
which the biological assumptions are clearly and precisely defined can be
of great help in removing or confirming these doubts. Indeed, as illus-
trated in this article, simple sets of assumptions can lead to complicated
patterns of dynamic behavior and it is as well to be aware of this when
interpreting observed patterns. Helminth life cycles are often complex,
involving more than one host species and many distinct parasite develop-
ment stages. In such circumstances, the most refined intuition, perhaps
built up from many years of field experience, may often fail correctly to
interpret the factors responsible for dynamic changes in parasite abun-
dance and distribution. In the face of biological complexity the rigour of
mathematical description can aid in interpretation and, equally impor-
tantly, point to the factors or processes which must be measured or quan-
tified in order to understand observed events. In the sense defined above,
mathematical or theoretical work serves as (1) a means of eliminating
hypotheses as explanations of observed trends; (2) an aid to the interpre-
tation of multidimensional processes; and (3) a guide to field measurement
and experimentation. In these roles mathematical methods are primarily
of value in the elucidation of qualitative as opposed to quantitative con-
cepts or principles.

In a quantitative sense, if enough is known about the biology and epide-
miology of a particular parasite, models can also be employed as predic-
tive tools. This role is of particular importance in the design of policies
and methods for parasite control or eradication within human communi-



4 R. M. ANDERSON AND R. M. MAY

ties. The success of this type of approach, however, is critically depen-
dent on a detailed and thorough knowledge of the population biology of
the parasite and its host (or hosts).

This article considers the role of mathematical models in investigations
of the population or transmission dynamics of human helminths.
Throughout, mathematical details are kept to a minimum and we concen-
trate on the biological assumptions employed in model construction, the
insights that emerge from model analysis, the comparison of predictions
with observed trends, and the estimation of parameter values from epide-
miological data. The article is organized as follows. We first give a brief
account of observed epidemiological patterns, concentrating on age—
prevalence and age—intensity trends. The next section gives a brief histor-
ical review of the development of mathematical models of helminth infec-
tions. The following three sections discuss mathematical models for
schistosome flukes, for intestinal nematodes, and for the filarial infec-
tions. Section VIII attempts to condense the essential features of the
models for specific infections in order to provide a general framework for
the description of helminth transmission dynamics. The general frame-
work is employed in Section IX to consider the design of control policies
for helminth infections in human communities. The final section focuses
on future developments.

II. EPIDEMIOLOGICAL PATTERNS

Much of the mathematical literature on the dynamics of infectious dis-
eases is open to the criticism that insufficient attention is given to the
comparison of predictions with observation and to the estimation of the
model’s parameters from epidemiological data. Before proceeding to dis-
cuss various types of models for the dynamics of helminth infections, we
therefore provide a very brief overview of the available kinds of data. Our
aim is simply to point out a few general patterns and trends arising from a
comparative study of epidemiological surveys of helminth infections in
human populations.

The majority of published data records changes in the prevalence and
average intensity of infection over a series of age classes within the hu-
man community. Invariably such data is collected at one point in time, or
over a short time interval, and may therefore be described as horizontal in
nature. More rarely, longitudinal studies are performed where changes
through time are recorded. Note, however, that if parasite population
abundance within the human community has remained relatively stable
over long periods of time (as is often the case in rural communities in
developing countries) changes with human age are equivalent to changes
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through time. We refer to the graphical representation of changes in prev-
alence and intensity with human age as age—prevalence or age—intensity
curves. Their form in a given community clearly reflects the magnitude of
parasite transmission. The average intensity of helminth infection is invar-
iably measured by indirect means, such as faecal egg counts. These indi-
rect measures are often a poor reflection of worm load, being subject to
much variation due to sampling error and other factors. These problems
are discussed more fully in Section VIII. For the time being we assume
that indirect measures are simply a crude reflection of worm abundance.

We focus on the major helminths of man: the schistosome flukes, the
intestinal nematodes (hookworms, Ascaris, Trichuris), and the filarial
nematodes. Four general points emerge from a review of epidemiological
survey data. (In this review we have concentrated on studies employing
sample sizes greater than 500 people.)

1. A most remarkable feature is the comparative stability of helminth
populations within human communities in the face of peturbations in-
duced either by climatic factors or by human intervention. This is in part a
consequence of the human hosts’ inability to acquire strong immunity to
reinfection, so that helminth infections are persistent in character with
hosts being continually reinfected. A marked contrast exists between
human helminths and human viral or bacterial infections: the latter invari-
ably exhibit considerable fluctuations in prevalence through time. Some
examples of helminth population stability are displayed in Fig. 1. These
represent three different facets of the issue: the rate of return of helminth
abundance to the precontrol level following intervention by chemother-
apy, changes in age—~prevalence curves over a 13-year period in one com-
munity, and changes in the overall prevalence of infection over a 7-year
period.

This observed stability suggests that regulatory constraints on parasite
population growth—induced by density-dependent checks on parasite
survival, establishment, and fecundity—play an important role in the
transmission dynamics of helminths within human communities. Such
mechanisms may arise as a consequence of host responses to infection or
as a result of resource limitation within the habitat of the parasite.

2. The major helminth parasites of man do not reproduce within the
human host to directly increase adult worm population size but produce
transmission stages which either pass to the exterior via the faeces or urine
orleave the host via ingestion by a biting arthropod vector. As such, adult
parasite population growth within an individual person is simply con-
trolled by immigration and death processes. In the simplest case in which
the immigration and death rates are constant and unaffected by factors
such as host age or parasite density, the average burden of adult parasites
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Fi16. 1. Examples of long- and short-term changes in helminth abundance. (a) Changes in the
overall prevalence of Schistosoma haematobium within a community in Iran over a 7-year
period (data from Rosenfield et al., 1977). (b) The rate of return of the prevalence of
infection of Ascaris lumbricoides to its precontrol level following chemotherapy within a
rural community in Iran (data from Croll et al., 1982). (c) and (d) Age—prevalence data for A.
lumbricoides infection in a rural community in Burma obtained from surveys carried out in
1969 (c) and 1982 (d) (data from Hliang ez al., 1983).

will grow monotonically as the human host ages to reach a plateau. The
level of this plateau is simply determined by the rate of immigration per
unit time multiplied by the average life expectancy of the adult worm.
Thus, in the absence of any complications induced, for example, by host
responses to infection, we might expect age—prevalence and age—inten-
sity curves to reflect the basic qualitative properties of an immigration—
death process as outlined above. This is partially the case as illustrated in
Figs. 2-6. In general, prevalence increases initially as the human host
ages to approach a maximum value. Thereafter a variety of trends are
apparent, depending on the species of parasite, the geographical location,
and the behaviour and habits of the human community. In certain in-
stances, particularly noticeable among the patterns recorded for the intes-
tinal nematodes (Figs. 2—4), the prevalence increases monotonically with
age to a plateau in a manner entirely consistent with a simple immigra-
tion—death process. In other instances, as illustrated by the patterns re-



HELMINTH INFECTIONS OF HUMANS 7

a
000 .0 e 100 b
’.'- o.o . ? .‘-Q._.““‘.“‘.-
f .
W 50y
iy
y
y
0 . . 0 b ’ ’
[¢] 20 40 60 o 20 40 60
100, c 1007 , d
e LN ",’ R AL S
s b XN, s .
—_ e ' °
S 501; 5
c '
.8 ’
"G‘ s
3]
= ’ T T L L} T L
£ 0720 40 60 °c 20 40 60
S 100 e 100 f
e Pl T
o 2 LAY
s 504y el ®
' 4 Tre-e
' ’
" I’
1’
y
0Py ' y o Y v y
0 20 40 60 o 20 40 60
10 0; o 100 )
P N
” .“.-,\‘ @ » ‘\
501 -~ 501 e o‘.“
4 [ LR RN N
4 '
' '
! i
’ "
0+— y y 0 r .
0 20 40 60 0 20 40 60
Age in years

FiG. 2. Age—prevalence curves for Ascaris lumbricoides. (a) Iran (data from Croll et al.,
1982). (b) Philippines (Palo, inland districts) (Pesigan et al., 1958). (c) Java (Cross et al.,
1970). (d) Philippines (Cabera et al., 1975). (e) Burma (Hliang ez al., 1983). (f) Latin America
(Botero, 1975). (g) Sri Lanka (Fernando and Balasuriya, 1976). (h) Bangladesh (Hossain ez

al., 1981).

corded for the schistosome flukes and filarial worms (Figs. 5 and 6),
prevalence declines after the attainment of a maximum value as people
move into the older age classes. These trends may reflect any combina-
tion of a variety of processes including age-dependent contact with infec-
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F1G. 3. Age—prevalence curves for Trichuris trichiura. (a) Philippines (Palo, coastal regions)
(Pesigan er al., 1958). (b) Philippines (Lewert et al., 1979). (c) Singapore (Schacher and
Danaraj, 1960). (d) Malaysia (Khan and Anuar, 1977). (e) Philippines (Cross et al., 1970).
(f) Latin America (Botero, 1975). (g) Sri Lanka (Fernando and Balasuriya, 1976).
(h) Bangladesh (Hossain et al., 1981).

tive stages, host responses whose severities increase with age as a conse-
quence of repeated exposure to infection (acting on either parasite
establishment or survival or both), age-dependent human mortality de-
pendent on experience of parasitic infection, and age-related changes in
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FiG. 4. Age-prevalence curves for hookworm (Ancylostoma duodenale and Necator
americanus). (a) Taiwan (Hsieh, 1970). (b) Philippines (Palo, inland districts) (Pesigan et al.,
1958). (c) Sri Lanka (Fernando and Balasuriya, 1976). (d) India (Chandler, 1927). (e) Zambia
(Wenlock, 1978). (f) India (Chowdhury and Schiller, 1968). (g) Philippines (Lewart et al.,
1978). (h) Thailand (Papasarathorn et al., 1967).

the degree of parasite aggregation within the human community. There
has been a tendency among epidemiologists to favour explanations based
on partial acquired immunity to infection, but increasingly in recent work
there are strong indications that age-related changes in contact with infec-
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FiG. 5. Age-prevalence curves for schistosome infections (Schistosoma mansoni, S.
haematobium, and S. japonicum). (a) Philippines (Palo, coastal region) (Pesigan et al.,
1958). (b) Philippines (Lewert et al., 1979). (c) Philippines (Hairston, 1965). (d) Egypt (Ab-
del-Salam and Abdel-Fattah, 1977). (e) St. Lucia (Cook et al., 1977). (f) Kenya (Hairston,
1965). (g) Egypt (Mansour et al., 1981). (h) Gambia (Wilkins, 1977).

tive stages play a dominant role (Warren et al., 1978). These issues are
discussed more fully in Section VIII. Perhaps the most striking feature of
the patterns displayed in Figs. 2—6 is the rapid rise in prevalence during
early childhood and the teens.
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Japonicum in the Philippines (data from Domingo ef al., 1980).
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3. Where age—prevalence and age—intensity data are available for a
given human community, the decline in intensity following attainment of
its maximum level is invariably more rapid in the older age classes than is
the associated decline in prevalence (Figs. 7-9). Such patterns have been
interpreted as evidence for the existence of acquired responses to para-
sitic invasion. They are, however, to be expected in the absence of host
responses, provided the distribution of parasite numbers within the hu-
man community is highly aggregated. In epidemiological work it must
always be remembered that measures such as prevalence and average
intensity are but two statistics of the probability distribution of worm
numbers per person. The relationship between prevalence and intensity is
determined by the form of this distribution (Fig. 10). From Fig. 10 it can
be seen that quite large decreases in intensity may be associated with
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Fi1G. 8. Changes in prevalence with age of (a) S. haematobium in Ghana (data from Scott et
al., 1982) and (b) S. mansoni in Brazil (data from Cheever et al., 1977).
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modest declines in prevalence, if the parasites are highly overdispersed
within the host population (small value of k). This theme is also ex-
pounded more fully at a latter stage (Section VIII).

4. The distribution of worm numbers per person is usually extremely
aggregated in character, in which the majority of worms are harboured by
a few individuals (and the majority of people harbour few worms). Two
such patterns are recorded in Figs. 11 and 12. These clumped or aggre-
gated distributions are of considerable importance both in understanding
the transmission dynamics of the parasite and in the implementation of
control policies.
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FiG. 10. Relationships between the mean worm burden per host and the prevalence of
infection for three probability distributions of worm numbers per host: the positive binomial
(K), the Poisson, and the negative binomial (k). Note that for high degrees of worm aggrega-
tion (measured inversely by k) large changes in mean worm burden induce only relatively
small changes in prevalence.

III. SoME HISTORY

In a seminal paper published in 1934, Kostitzin developed a mathemati-
cal model of host—parasite interactions which explicitly described the
distribution of parasite numbers within the host population (Kostitzin,
1934). His treatment was essentially deterministic, consisting of an infi-
nite series of differential equations to describe changes in the densities of
hosts harbouring any specified number of parasites. He recognized both the
importance of the many population processes involved in the interaction
between host and parasite in determining the form of this distribution, and
also the significance of the distribution to the dynamics of the population
association. He also stressed the difficulties inherent in drawing biological
conclusions, concerning the dominant population processes influencing
the interaction, from observations on the form or pattern of parasite dis-
tributions. These themes have since been reechoed many times (e.g.,
Bartlett, 1960; Crofton, 1971a; Anderson, 1974; May, 1977b; Anderson
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FiG. 11. Frequency distribution of Ascaris lumbricoides in a rural community in Korea (data
from Seo et al., 1979). The histogram bars are observed values and the dashed line denotes
the predictions of the negative binomial model. Parameter values: mean = 2.18 worms, k =
0.32, sample size = 853 people, prevalence = 52%.

and Gordon, 1982). Kostitzin’s major contribution to the study of parasit-
ism was simply his recognition that the classical epidemic models (devel-
oped by Hamer, 1906; Ross, 1911, 1915; Lotka, 1923; Kermack and
McKendrick, 1927; Soper, 1929) were inappropriate descriptions of the
dynamics of associations in which the pathology induced by parasitic
infection, the fecundity and mortality of the parasites, and the host re-
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FiG. 12. Frequency distribution of Wuchereria bancrofti in Samoa (data from Hairston and
Jackowski, 1968). The histogram bars are estimates of female worm burden frequencies (in
males 15 years and older) and the dashed line denotes the predictions of the negative
binomial model. Parameter values: mean = 4.1, k = 0.67, sample size = 292, prevalence =
73%.

sponses generated by infection all typically depend on the number and
burden of parasites harbored by the host.

Subsequent to Kostitzin’s work, interest in mathematical models of
helminth parasite populations was not rekindled until the early 1960s. The
stimulus for further developments was provided by parasites of medical
and veterinary significance, in particular the human schistosome parasites
with their indirect (two-host) life cycles involving man and an aquatic
mollusk.

IV. ScCHISTOSOME MODELS

The ecologist Hairston first aroused interest in the population biology
of schistosome parasites by his attempts to employ life table or actuarial
methods te study their dynamics within human communities (Hairston,
1962, 1965a). He focused attention on the numerous population pro-
cesses, arising in the two-host life cycle, which contribute to the overall
reproductive success of the parasite. He argued that this overall measure
of transmission determines the observed patterns of helminth intensity
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and prevalence within human communities. He therefore introduced the
idea that the numerical magnitudes of the many transmission, mortality,
and reproductive rates involved in the parasite’s life cycle could be com-
bined in a single composite measure of reproductive success. Today we
refer to this measure as the basic reproductive rate, Ry, and define it as
the average number of female offspring (in the case of a dioecious species)
produced by one adult female parasite that attain reproductive maturity in
the absence of constraints on population growth (see Anderson, 1982a;
Anderson and May, 1982a). Hairston’s idea is clearly based on Fisher’s
concept of net reproductive success (Fisher, 1930). The notion of a basic
reproductive rate, however, is of great importance today in the study of
helminth epidemiology and disease control.

Hairston also introduced a further technique, the use of Muench’s so-
called catalytic models to estimate rates of parasite transmission within
human or intermediate host populations, from observations recording the
change in parasite prevalence (the proportion or percentage of the popula-
tion infected) with host age (Muench, 1959; Hairston, 1965b). Prior to
Hairston’s work these models had only been employed in the study of
viral and bacterial infections.

An epidemiologist, George Macdonald, celebrated for his important
work in extending the early mathematical studies by Ross (1915) and
Lotka (1923) on the dynamics of human malarial infections to encompass
greater biological realism, was also thinking along similar lines to Hair-
ston. In 1965 Macdonald published a seminal paper on the dynamics of
schistosome infections within humans and snail populations and proposed
a simple model to further understanding of the epidemiology and control
of schistosomiasis. The mathematical details of Macdonald’s model are
vague in the original publication but this does not detract from the origi-
nality of his approach. The most important advance made by Macdonald
was his formal treatment of the mating success of dioecious helminths and
the recognition of its significance to the parasites’ transmission dynamics.
Macdonald suggested that a breakpoint in transmission occurred when
the average worm burden per host fell below a critical level which was
necessary to ensure sufficient mating success for parasite transmission
and hence maintenance within the host community. He also argued that
combinations of population parameters determined transmission success
from man to snail and snail to man. The basic reproductive rate of the
parasite is the composite measure of the magnitudes of transmission via
both pathways. By the nature of its definition the value of the basic
reproductive rate Ry must exceed unity if the parasite is to persist, and
hence the point Ry = 1 defines a transmission threshold.

Shortly after the publication of Macdonald’s paper, Tallis and Leyton
(1966) and then Leyton (1968) developed stochastic models to describe
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the dynamics of dioecious helminth populations with their definitive
hosts. These authors, who were unaware of Macdonald’s work, provided
a layer of formalism to the treatment of mating probabilities and, more
importantly, demonstrated that aggregated distributions of parasite num-
bers per host could be generated by heterogeneity in exposure to infection
within the host population. Contagion arises as a consequence of the
compounding of a series of Poisson processes (with different means) gen-
erated by the infection and mortality processes controlling parasite popu-
lation growth within individual hosts.

The papers of Hairston (1962, 1965a), Macdonald (1965), Tallis and
Leyton (1966), and Leyton (1968) stimulated much interest in models of
schistosome dynamics during the 1970s. In chronological order the princi-
pal papers are by Nasell and Hirsch (1972, 1973), Lewis (1975a), Nasell
(1976a,b, 1977), May (1977a), Cohen (1977), Fine and Lehman (1977),
Barbour (1978), Goddard (1978), Bradley and May (1978), and Anderson
and May (1979a).

We attempt to summarize the main themes of this work by reference to
a general deterministic model whose structure (broadly speaking) under-
pins most of the published models. Differences exist between published
models, both in structure and method of analysis, but these are, in gen-
eral, of minor significance with respect to the biological conclusions that
emerge from investigations of their properties.

The general structure of the model is captured by the flow chart dis-
played in Fig. 13, which denotes the principal populations (both of para-
sites and hosts) involved in the parasite’s life cycle. We denote the mean
number of worms per human host, the number of miracidia, the numbers
of susceptible, infected but latent, and shedding snails, and the number of
cercaria, respectively, by the following time-dependent variables: M(t),
L), X, Z(1), Y(1), and L,(¢). We assume that the human and snail
populations are constant in size and let x(), z(z), and y(¢) denote the
proportions of snails in the susceptible, latent, and shedding classes. The
assumption of constant host population size is not universal in published
models of schistosome dynamics. Certain authors assume that the host
population (either human or snail or both) are subject to immigration—
death processes (see Néassell, 1976a; Lewis, 1975a) but such refinements
make little difference to the qualitative dynamics of parasite transmission.

A system of differential equations can be formulated to describe tempo-
ral changes in the population variables. These are as follows:

dM/dt = BiLy — mM §))]
dL/dt = %XlMNl(I) - M.le - ﬁzNzL] (2)
dx/dt = ps(x + z2) + pay — BaxLy — psz (3)
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F1G. 13. Diagrammatic flow chart of the principal host and parasite populations involved in
the life cycle of human schistosomes. The rate parameters and processes controlling the flow
of parasites via the life cycle are also depicted.

dz/dt = BixL; — (o0 — u3)z 4)
dyldt = 0z — pay ()]
dLy/dt = \yN> — psly, — BiN\L, (6)

It is here assumed that the total human population and the total snail
population are of constant sizes, denoted by N, and N, respectively. It is
further assumed that for Eqs. (3), (4), (5), representing changes in the
proportions of susceptible (uninfected), latent, and shedding snails, new
births into the uninfected class (x) exactly balance deaths from all three
classes. A summary of the symbols used to represent various parameters
in the model is presented in Table 1. Several assumptions, however,
require further clarification.

1. The function & represents the probability that a female worm is
mated, and is dependent on the sexual habits of the parasite (i.e., whether
it is monogamous or polygamous, etc.), the average worm load, and the
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TABLE 1
Population variables and parameters of the basic schistosome model

Interpretation
Population variables

N, Density of the human host

N, Density of the snail intermediate host

M Mean worm burden per human host

L, Density of miracidia in the aquatic habitat of the snail interme-
diate host

L, Density of cercariae in the acquatic habitat of the snail host

Proportion of uninfected snails in the population

z Proportion of infected snails not yet shedding cercariae (latent
infections)

y Proportion of shedding snails

Parameters

B Transmission coefficient denoting the per capita rate of human
infection per cercaria per unit of time

B Transmission coefficient denoting the per capita rate of snail
infection per miracidia per unit of time

A Per capita rate of egg production by female worms

Az Per capita rate of cercarial production per shedding snail

m Per capita death rate of mature worms in man (1/u, = life
expectancy)

2 Per capita death rate of miracidia (1/u, = life expectancy)

™ Per capita death rate of uninfected and latent snails (1/u; =
life expectancy)

e Per capita death rate of shedding snails (1/u, = life expect-
ancy)

Hs Per capita death rate of cercaria (1/us = life expectancy)

o Per capita rate at which latent snails join the shedding class
where 7 = /o is the latent period

) The mating probability function denoting the probability that a

female worm is fertilized and producing viable ova; a func-
tion of the distribution of worm numbers per human host

distribution of parasite numbers per host. In his original paper Macdonald
assumed that the worms were randomly distributed (Poisson) within the
host population (Macdonald, 1965). This assumption has been adopted in
many subsequent models (see Néssell and Hirsch, 1973). Empirical evi-
dence, however, suggests that the worms are aggregated in their distribu-
tion and May (1977a) and Bradley and May (1978) have encorporated this
added realism into the framework of schistosome models. Table 2 lists the
structures of the mating probability function ¢ for various assumptions
concerning the distribution of worm numbers per host and the sexual
habits of the parasite (May, 1977a). Given that the function ® is depen-



HELMINTH INFECTIONS OF HUMANS 21

TABLE 2
The mating function ®*

Sexual behavior Mating function

Hermaphroditic, self-fertilization b =1
possible

Dioecious, worms monogamous
(males and females distributed
together)

Random distributi M2
andom distnpution ¢(M) =1 - é’_ J’ ™ (l — cos o)eAMcosvde
2z Jo

Negative binomial distribu- (1 — a) (27 (1 — cos 6)
tion ®M. =1 -—— fo T+coso %
where a = M/(k + M)
Dioecious, worms polygamous

(males and females distributed

together)
Random distribution P(M) =1 — e Mz
Negative binomial distribu- O(M, k) =1 — (1 + M/2k)'%+D
tion

* See May (1977a).

dent on the probability distribution of worm numbers, the model defined
by Egs. (1)-(6) is essentially hybrid in structure containing stochastic and
deterministic elements. The term % appears in Eq. (2) as a consequence of
the assumption that the ratio of male to female worms in man s 1: 1 (only
female worms produce eggs).

2. The equations for changes in x, z, y take no account of multiple
miracidial infection of snails. This component of the model is based on a
prevalence framework, since the parasite undergoes rapid asexual multi-
plication within the snail host. Empirical evidence suggests that multiple
miracidial infections do not increase cercarial output over that arising
from a single infection (Jordan and Webbe, 1969; Chu ez al., 1966). It is
important to note that this assumption serves as a severe form of density
dependence acting to regulate parasite transmission via the life cycle (i.e.,
the rate of cercarial production per infected snail, A4, is assumed to be
independent of the number of miracidia penetrating the host).

3. The latent period during which snails are infected but not yet shed-
ding cercariae is captured in Egs. (3)—(5) by a constant exponential decay
from the latent to the shedding class (the average duration of stay in the
latent class is given by 1/0).

This rather crude approximation can be amended by the inclusion of a
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formal time delay of length = such that Eqs. (4) and (5) become

dZldt = B X(t)N,L\(t) — u3Z(1)
- B]X(t — )NLLi(t — 1) eXp(_/.L3T) €))]

dyldt = ﬁ]X(t — 7INLLi(t — 7) CXp(—[.L3T) - /.L4Y(t) 8)

As shown by May (1977a), however, this modification is of little conse-
quence to the qualitative properties of the model given the short duration
of the time delay 7 (roughly 30-35 days for Schistosoma mansoni; see
Anderson and May (1979a), relative to the life expectancy 1/u, of the
adult worms (years as opposed to weeks).

4. The transmission terms representing parasite passage between man
and snail, and snail and man (8, XN,L;, 81 N,L,, respectively) assume that
the net rate of transmission in both cases is directly proportional to the
density of infective stages (either miracidia or cercaria) times the density
of hosts (either snails or man). In general, experimental evidence gained
from laboratory studies supports this assumption (see Anderson, 1978,
1982b).

5. Note that the death rates of uninfected and latent snails (u;) are
assumed to be identical. The available empirical evidence supports this
assumption and further suggests that the death rate (u,) of shedding snails
is much greater than u; (see Anderson and May, 1979a).

As indicated in point 3 above, the relative times spent by the parasite
(or infected host) in the different stages of the life cycle are of consider-
able importance to the analysis of model behavior. A rough guide to these
time scales, for Schistosema mansoni in man and Biomphalaria glabrata,
are detailed in Table 3 by reference to the expected life spans of each
developmental stage. The life spans of the two infective stages, the mira-

TABLE 3
Life expectancy characteristics of the population
biology of Schistosoma mansoni in man and
Biomphalaria glabrata®

Host and parasite life cycle stages Life expectancy

Man 40-60 years

Adult parasite in man 3-4 years

Biomphalaria glabrata (infected 3-6 weeks
snails)

Cercarial stage 8-20 hours .

Miracidial stage 4-16 hours

4 Data from Anderson and May (1979b, 1982a) and An-
derson et al. (1982).
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cidia and cercaria, are extremely short, being a matter of hours. In such
circumstances we may effectively take the densities of the two stages as
being instantaneously adjusted to their stationary or equilibrium values
(dL,/dt = dL,/dt = 0). In this manner, Egs. (1)-(6) may be collapsed to
form three equations to represent changes in the epidemiological vari-
ables of principal interest, namely the mean worm burden per host, M, the
prevalence of latent snails, z, and the prevalence of shedding snails, y.
The mean worm load per person is in dynamic balance between forces of
infection (transmission) and worm death.

dM/dt = p(T\Y — M) ©)

The parameter w, is the death rate for mature schistosomes (life expect-
ancy = 1/u) and T, is the quantity, defined by Nésell and Hirsch (1973)
and May (1977a), which characterizes the transmission of parasites from
snail to man. Specifically, T; = NoA\ySB1/[ il s + 81 N1)] with A, the rate of
cercarial shedding per infected snail, 8,/(us + B81N)) the probability for a
cercaria to infect a given human, and N, the snail density. Note that
implicit in Eq. (9) is the assumption that human hosts do not exhibit
immune responses or other density-dependent effects which would tend
to increase the worm death rate as mean density rises (or decrease the
rate of egg production).

Similarly, z is in balance between forces of infection and snail death:

M (3 + 0‘)[
o

deldt = T,MPx — = z] (10)
]

The equation for y remains
dyldt = oz — pgy (11

In Eq. (10) the term 75 represents the transmission of parasites from man
to snail where

T = MN B0/l + )z + BaN2) sl

Here A, is the rate of egg laying per mated female, N; is human density,
B2/(n2 + B2 N») is the probability for an egg to produce a miracidium
which infects a susceptible snail, o/(u3 + o) is the proportion of latent
snails that survive to shed cercariae, and w4 is the death rate of the
shedding snails.

Given that x + y + z = 1, we can express Eqs. (10) and (11) in terms of
the three dynamic variables M(¢), y(¢), and z(¢). This in conjunction with
Eq. (9) gives a set of three coupled, first-order differential equations.
These three equations [Eqs. (9)-(11)] reflect the essential details of most
of the published models of schistosome dynamics (see May, 1977a). Vari-
ous refinements to this framework have been made and before outlining
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the general dynamic properties of the basic hybrid model, we briefly
summarize the most important of these.

Latency in snail infections has received considerable attention (Lee and
Lewis, 1976; Lewis, 1975a,b; Nasell, 1976a; May, 1977a) and the inclu-
sion of a formal time delay r between infection and snails shedding cercar-
iae generates the following equations for z and y.

dz/dt = hz(t) — hx(t — 7)f — w3 z(t) (12)
dyldt = hx(t — 7)f — pay(t) (13)

where h = §8,0MN | ®/(n; + B2N,) and f = exp(—pus7).

A formal discussion of this refinement is given by May (1977a), with the
general conclusion that it adds little to the dynamic properties of the basic
model [Eqgs. (9)-(11)] due to the short duration of the time delay 7, relative
to the life expectancy of the adult worm in man (1/y,).

Various attempts have been made to construct fully stochastic models
of the transmission dynamics of the parasite (e.g., Nasell and Hirsch,
1973; Lewis, 1975a). Such studies, however, invariably suggest that the
stationary distribution of worms per human host is approximately Poisson
in form as a consequence of the immigration—death processes controlling
adult worm abundance, combined with the assumption that each host is
equally susceptible to infection. Empirical evidence does not support this
view and, as shown by May (1977a), the more realistic assumption of an
aggregated distribution of worm numbers substantially alters the quantita-
tive conclusions arising from the study of such models. Hybrid models, in
which the probability distributions of the population variables are re-
placed by expected values, are more amenable to analytical treatment but
most studies have falsely assumed that the worms are randomly distrib-
uted within the human community.

Heterogeneity in exposure to infection within the human population has
been considered within a deterministic framework by Barbour (1978,
1982). Some interesting results emerge from his model which considers a
human community with varying degrees of contact with, and access to, a
series of infected water bodies. If contact with infection is heterogeneous
the total parasite population is more stable to changes in the underlying
population parameters which control transmission, when compared with
a homogeneous situation: a further confirmation of the ecological princi-
ple that heterogeneity is stabilizing.

The topic of acquired immunity to reinfection within the human host
has received little attention (Barbour, 1978). This is understandable, given
the current biological controversy concerning the relative importance of
acquired immunity, versus age-related changes in contact with infection,
as determinants of convex age—prevalence curves in human communities
(Warren, 1973; Anderson and May, 1982a).
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A. DYNAMIC PROPERTIES OF THE BASIC SCHISTOSOME MODEL

The general properties of the basic model [Egs. (9)-(11)] have been
extensively discussed by May (1977a) and others. We here present a brief
summary of these properties, concentrating on the major biological con-
clusions that emerge from model analysis. The variable of major interest
is M, the mean worm burden per human host. It is clear from Eqgs. (9) and
(10) that the characteristic dynamical response times of M (¢) and y(¢) are
1/uy and 1/u4, respectively. As indicated in Table 3 u; << w4 and hence it
follows that y(¢) has a much faster response time than M(¢). We may
therefore take the fraction of shedding snails as being instantaneously
adjusted to the stationary value, y*, and reduce the basic model to a single
dynamic equation for the variable M(t).

3T\ TP _ 1)
%Tsz)(O' + ,LL4)/O' +1

The approximation u4 >> w, is implicit in the work of Macdonald (1965),
Lee and Lewis (1976), and Barbour (1978).

An analytical solution of Eq. (14) for arbitrary @ is not feasible, given
the complexity of the mating function (see Table 2). The qualitative dy-
namic properties can, however, be explored. First, consider the case ® =
1. This corresponds to a high endemic average worm load per person such
that the likelihood of any female worm being mated is essentially unity. In
such circumstances a number of points emerge from Eq. (14). First note
that M* = 0 is one solution. Of more interest is the case:

dMidt = pM ( (14)

M* = QT\T,® — 1)/}T,®(o + w4)/ o] (15)
For this state to be positive the following inequality must be satisfied:
iTT,® > 1 (16)

The left-hand side of this inequality represents the basic reproductive
rate, Ry, of the parasite (the average number of female offspring produced
by one mature female worm that survive to attain reproductive maturity
in the absence of density dependent constraints within populations of man
and snails of densities N; and N,, respectively). The quantity Ry is simply
formed from the product of the net rate of transmission from snail to man,
T,, times the rate of transmission from man to snail, T, modified by the
factor 4 which denotes the assumed 1:1 sex ratio of the adult worms
(the quantity #) and the likelihood that a female worm is mated (®). For
parasite persistence R, must be equal to, or exceed, unity in value. For
this condition to be satisfied the product of snail density times human
density, N;N,, must be greater than a threshold value determined by a
complex of parameter values. (This can be derived by setting Ry, = 1 and
substituting for T} and 7, by the combinations of parameter values they
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represent.) The host density threshold, which plays such an important
role in determining the dynamics of viral, bacterial, and protozoan dis-
ease, is therefore implicit in models of helminth dynamics. Its practical
relevance is limited, however, since empirical evidence suggests that the
majority of human helminth parasites can persist within a very low den-
sity host population (May and Anderson, 1979). This is in marked contrast
to viral infections which tend to induce lasting immunity in those hosts
that survive parasitic onslaught (Anderson and May, 1979b). These as-
pects will be discussed more fully in Section IX, which deals with disease
control.

For® # 1 (i.e., 0 < ® < 1), the analysis is more complex although the
general properties can be illustrated by phase plane analysis. First, it
should be noted that schistosome parasites are thought to be monogamous
(mating for life) and the appropriate functional form of ¢ (dioecious,
monogamous species distributed in a negative binomial manner) is listed in
Table 2. We consider the isoclines of M on y for dM/dt =’dy/dt = dz/dt =
0. Two general cases emerge.

In the first, when Ry < 1, the two isoclines intersect only at the origin
and all trajectories are attracted to M = 0, y = 0. In other words the
infection cannot maintain itself and the point Ry = 1 defines a transmis-
sion threshold for disease persistence (Fig. 14a). In the second (Fig. 14b),
when R, = 1, there are three points of intersection of the isoclines corre-
sponding to two stable points (at M = 0, and at M = M,,). Points (initial
values of M and y) originating to the left of the dashed line which passes
through M, are attracted to the origin. Points originating to the right of the
dashed line are attracted to the point M* at which the infection is main-
tained in a stable manner (a stable endemic infection). The dashed line in
Fig. 14b divides the y — M plane into the two points’ respective domains
of attraction. The point M,,, the unstable state, is therefore often referred
to as the ‘‘breakpoint,’” for if the average worm burden is lowered (say by
chemotherapeutic treatment) below this point the infection will die out (M *
= (). Macdonald (1965), on the basis of his assumption that the aduit
worms were randomly distributed within the host population, thought the
breakpoint concept was of major importance to the design of control
policies. More recent work by May (1977a) and Bradley and May (1978)
suggests however, that, given the realistic assumption of worm aggrega- -
tion, this is not necessarily true. As illustrated in Fig. 15, increasing
degrees of worm aggregation result in the unstable boundary shifting to-
ward the stable state of parasite extinction (M* = 0). In the limit when all
the worms are harboured by one host, all others being uninfected, the.
unstable state M, disappears.

A further conclusion drawn by Macdonald concerned the relative mer-
its of changing the transmission parameters 7| and 7, in attempting to
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F1G. 14, Phase plane analysis of the basic schistosome model defined by Eqgs. (9)-(11) (after
May, 1977a). The arrows indicate how the dynamic trajectories of snail prevalence of
infections y(7) and mean worm load in man M(z) behave in the various regions into which the
y — M plane is dissected by the isoclines dy/dt = 0 and dM/dt = 0. (a) corresponds to the
situation in which Ry < 1, when the infection cannot maintain itself and all trajectories are
attracted to the origin (sexes distributed separately in a negative binomial manner with k£ =
1, Ty = 4, and T, = 1). (b) corresponds to the situation in which R, > 1. There are two
alternative stable states, one at M * and one at the origin (M * = 0), each with its own domain
of attraction. The boundary between the two regions depends in part on the ratio u,/u, (here
taken to be 3); points to the left of the dashed line are attracted to the origin and points to the
right to the state of stable endemic infection, M*. Where u, >> u, (as is usually the case)
this boundary becomes a vertical line through the unstable state M,,, and we can speak of a
““breakpoint’’ at a worm burden of M,,.

reduce the net force of transmission below the threshold Ry, = 1. He
concluded that the threshold condition is more sensitive to changes in T,
(snails to man) than to changes in T, (man to snails). Hence his statement
that ‘‘safe water supplies are more important than latrines.”” As discussed
much more fully elsewhere (May, 1977a), Macdonald’s conclusion tends
to be true if T, is small; in this event the probability for a given host to
harbour both a male and a female worm, and these to be able to continue
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FiG. 15. The influence of worm aggregation as the value on the breakpoint burden M,,. The
equilibrium worm loads M * are shown as a function of the transmission coefficient T, (snail
to man) for 7> (man to snail) fixed at a value of unity (after May, 1977a). The solid curved line
to the far right is for a Poisson distribution of worms (k — x}. The dashed line denotes the
breakpoint and the solid lines the states of stable endemic infection (M *). To the left of
the Poisson line are curves for various degrees of parasite aggregation as noted inversely
by the value of the negative binomial parameter k. Note that as aggregation increases (k — 0)
the breakpoint phenomenon becomes less conspicuous, finally disappearing in the limit
k — 0 (essentially all worms harboured by one individual).

the cycle, is proportional to 7,2, and thence R, varies roughly as T,2T,.
But if 7 is relatively large, as it is in most places where schistosomiasis is
endemic, hosts possessing a worm of one sex tend to harbour one of the
other sex (especially if worm aggregation is allowed for), and R, varies
simply as T,7>; in this circumstance, changes in 7, are not more effective
than changes in 7;. In short, although Macdonald’s conclusions were
valid for the limited range of transmission parameters he chose to explore
in his numerical studies, these conclusions are not representative. As
emphasized below, moreover, any evaluation of the relative efficacy of
various control measures needs to account for economic and social fac-
tors as well as purely biological ones.

A final point of general interest concerns the significance of density-
dependent constraints, perhaps induced by immunological responses, on
model behavior. At present, the only regulatory constraint within the
basic model is linked to the assumption that multiple miracidial infections
do not increase cercarial output when compared with single infections.
Worm death or reproduction rates dependent on worm burden will act to
reduce the equilibrium worm load M* and increase the stability of the
system. This topic is discussed further in Section VIII, which considers a
general age-structured model for the dynamics of human helminths.
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Detailed comparisons between the predictions of schistosome models
and observed patterns of disease prevalence and intensity in endemic
regions of the world have unfortunately been of a very limited nature.

Rosenfield (1975) has employed statistical methods to fit empirical for-
mula to data on prevalence and intensity within human and snail commu-
nities but the equations employed are not derived theoretically from a set
of biological assumptions (for a detailed evaluation of the relation be-
tween Rosenfield’s empirical model and those discussed above, see May,
1977a). The greatest attention has been given to observed changes in the
prevalence of snail infection with age (Sturrock and Webbe, 1971; Cohen,
1973; Anderson and May, 1979b). This body of work is examined in the
following section.

There is a clear need for more data-orientated mathematical studies in
which the comparison of prediction with observation is a major priority. It
is clear, for instance, from field studies of age-related changes in the
prevalence and intensity (measured indirectly by faecal egg counts) within
human communities that acquired immunity to reinfection, and age-de-
pendent human contact with infection, are important determinants of
overall transmission (Figs. 5, 8, and 9). The majority of epidemiological
surveys show an initial increase in both prevalence and intensity with age,
followed by a decline in the older age classes within the community (the
decline in egg output is invariably more marked than that in prevalence)
(Figs. 8 and 9). Simple deterministic models which do not include age
structure fail to mirror these important general trends. A discussion of
the modifications required to mirror such observations is given in Sec-
tion VIII.

B. CATALYTIC MODELS OF AGE-RELATED CHANGES IN PREVALENCE

Simple deterministic models can be useful in mimicking trends in age—
prevalence of infection and in providing a framework for parameter esti-
mation. Such models are commonly called catalytic models, a title which
derives from their development by Muench (1959) as an adaptation of
equations employed to describe chemical reactions. They have been used
to analyze age—prevalence curves of human schistosome infection (Hair-
ston, 1965a), but inappropriately so given the underlying assumption of
randomness in the distribution of worms within human communities.
More commonly their application has been to the interpretation of age-
related changes in snail prevalence (Sturrock and Webbe, 1971; Cohen,
1973; Sturrock et al., 1975; Barbour, 1978; May, 1977a; Anderson and
May, 1979b; Coutinho et al., 1981). In this section we summarize the main
themes of this work by reference to an age—prevalence model which
incorporates details of differential mortality between infected and unin-
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fected snails, latency in snail infection, and recovery from infection (May,
1977a; Anderson and May, 1979).

Consider a cohort of newly born snails, numbering N at time ¢ = 0, all
of which are assumed to be uninfected. The members of this cohort will
progress through a sequence of categories at rates dependent on a force of
infection A, the duration of snail latency 7 (period from infection to start of
cercarial shedding), and the rate of loss of infection . These categories
are uninfected snails, infected snails not releasing cercariae, shedding
snails, and recovered snails denoted respectively as X(1). Z(1), Y(t), W(1)
at time ¢t. The force of infection A, in terms of the basic schistosome model
detailed in the preceding section [Egs. (9)-(11)], is simply

A= %Bg)\]MNl(D/('U,Z + B:N:) (17)

The notation is as presented in Table 1. The parameter A is taken to be
constant and independent of snail age and time, which implies that the
system is at a stable equilibrium state with M* worms per human host. As
before, w; is the death rate of infected snails, while b is defined as the
instantaneous rate of recovery from infection. This notation can be em-
ployed to describe changes in X (1), Z(t), Y(¢), W(r) with respect to time
(which here means age) by means of four coupled, first-order differential
equations.

dX/dt = —(A + u)X (18)
dZldt = AX — usZ — Xt — 1) exp(—us7)0U — 7) (19)
dY/ldt = AX(t — 1) exp(—par)O( — 7) — ps¥Y — bY (20)
dWldt = bY — W Q@n

Here O(w) is a step function such that O(x) = 1 if « > 0and O(u) = 0if u <
0. The variables X, Z, W, and Y have the initial values X(0) = N, Z(0) =
W(0) = Y(0) = 0. At age 1, the prevalence of infection, y(r), defined as the
proportion of that age class releasing cercariae, is given by

y(t) = Y(O[X (D) + Y() + Z(1) + W(1)] (22)

In some field studies, the proportion of infected snails within an age or
size class is estimated by examining squashed snails for the presence of
larval parasites. In such circumstances the prevalence of infected snails
y(t) is

y() = [Y@) + ZOYIY() + Z@) + Y1) + WD) (23)

Prevalence data based on cercarial release techniques underestimate the
proportion of infected snails (latent plus shedding hosts) by a factor d
where
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d =1+ [exp(usr) — 1(pa/p3) (24)

(Anderson and May, 1979b; Barbour, 1978).
The age—prevalence model defined by Eqs. (18)-(21) possesses an ex-
act analytical solution where

X(1) = Ne~ + wn (25)
Z(t < 1) = Ne (]l — e™N) (26)
Z(t > 1) = Ne~ * wii(er — 1) 27
Yi<7)=0 (28)
Y(r > 7) = N\ a)er™ —  + mi(padt = 11— 1) (29)
Wit<7)=0 (30)

W(t > 7) = N(bNa)e ™ [(eP! 7 — 1)/ — (1 — e~ ™/X] (1)

givena = N+ w3 —ug—band B8 = pu3 — ug — b.

The dynamic predictions of the model are illustrated in Fig. 16 for a
particular set of parameter values. A comparison of predictions with ex-
perimental results, where the experiments were designed to test model
assumptions, is presented in Fig. 17 (Anderson and Crombie, 1984).
These experiments, in which a cohort of snails were exposed to a constant
force of infection over a period of 40 weeks, were also designed to assess
the dependency of the force of infection on the net rate at which miracidia
are introduced into the aquatic habitat of the snail. Encouragingly, the
relationship between A and the rate of input of miracidia is approximately
linear (as assumed in all published models of schistosome dynamics); see
Fig. 18 (Anderson, 1978; Anderson & Crombie, 1984).

A selection of observed age-prevalence curves for infections in various
species of snails is displayed in Fig. 19. A variety of patterns is repre-
sented, with some curves rising to a plateau while others either fail to
reach a plateau or exhibit a declining proportion of infected snails in older
age classes.

The reason for an apparent decline in old age classes is not clear at
present. It may be due either to the ability of certain snails to recover
from infection or to age-related changes in the force of infection. Labora-
tory studies clearly indicate that some strains of B. glabrata are able to
recover (Teesdale, 1962; Sturrock et al., 1975; Minchella and Loverde,
1983), but the relevance of these observations to field situations is not at
all clear. In natural habitats, for example, snails have fairly short life
spans (Table 4). Recent experimental work suggests that observed con-
vexity in age—prevalence curves may be generated by a dependence of the
force of infection on snail age and size (Anderson et al., 1982; Anderson
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F1G. 16. Age-prevalence curves of schistosome infections in snail populations. Predictions
of the model defined by Eqgs. (25)-(31) recording changes in the total numbers of snails N(¢),
the number of uninfected X (¢), the number of latent Z(¢), and the number of shedding snails
Y(¢) with respect to snail age at time 7 under the impact of a constant force of infection A on a
single cohort of snails, of initial density N(0) = 30 (after Anderson and May, 1979a).
Parameter values are 7 = 4.5 weeks, p; = 0.062 week ™', uy = 0.00285 week™', A = 0.308
week!.

o

and Crombie, 1984). These studies also demonstrated that the death rate
of shedding snails (u4) depends on the length of time during which individ-
ual snails shed cercariae (Anderson and Crombie, 1984). Age-structured
models have been developed which incorporate these refinements plus a
term to reflect the continual addition of uninfected snails to the popula-
tion. Comparisons between model predictions and experimental studies
support the view that age-dependent infection rates are important deter-
minants of observed patterns of infection in endemic areas (Anderson and
Crombie, 1984).

The prevalence of snail infections (shedding snails) is characteristically
low in areas where schistosomiasis is endemic. High figures have been
recorded in a few areas, but where large samples of snails have been
examined the average prevalence, throughout the year or over a large
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FiG. 17. Age—prevalence curves of schistosome infections in snail populations. Predictions
of the model defined by Egs. (25)-(31) compared with observed values obtained from a
laboratory study of the exposure of a cohort of Biomphalaria glabrata to a constant density of
S. mansoni miracidia over a period of 40 weeks. The graph records changes in prevalence
y(¢) with time; the solid line denotes model prediction and the solid circles are experimental
results. Parameter values are 7 = 4.5 weeks, u; = 0.062 week™', u, = 0.00285 week !, A =
0.308 week~!, N(0) = 30 snails of size 4-6 mm (after Anderson and Crombie, 1984).
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Fi1G. 18. Age—prevalence curves of schistosome infections in snail populations. Relationship
between the force of infection A and the rate at which miracidia (§. mansoni) were intro-
duced into an experimental system containing a cohort of B. glabrata. This rate is directly
proportional to the density of miracidia in the aquatic habitat of the experimental snail

population (after Anderson and Crombie, 1984). The solid circles are observed values and
the solid line is the best fit linear model constrained to pass through the origin.
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F1G. 19. Age—prevalence (shedding snails) curves of schistosome infections in snail popula-
tions. Some examples recorded from field studies. (a) S. haematobium in a Bulinus nasutus
productus population (data from Sturrock and Webbe, 1971). (b) S. mansoni in B. glabrata
(data from Sturrock and Webbe, 1971). (¢) S. mansoni in B. glabrata (data from Sturrock
and Webbe, 1971). (d) S. mansoni in B. pfeifferi (data from Sturrock and Webbe, 1971).

sampling area, tends to lie in the range 1-5%, irrespective of the species
of snail or schistosome or the geographical location (Anderson and May,
1979b). This pattern is to be expected, whatever the force of infection in a
given area, provided the death rate of shedding snails is much higher than
that of uninfected or latent individuals. The catalytic model defined by
Eqgs. (25)-(31) can be employed to demonstrate this point. Empirical evi-
dence, derived from both laboratory and field, suggests that this is indeed
one of the principal determinants of observed patterns (Table 4; Anderson
and May, 1979b).

The major use of catalytic models has been to estimate parameter val-
ues (e.g., for A, us, and u,) from field data (Sturrock et al., 1975). Their
significance as epidemiological research tools for the study of schistoso-
miasis is to some extent limited, however, by the relative time scales on
which changes occur within the parasite population in man and the in-
fected snail population (see Table 3). The epidemiological variable of
major interest is parasite intensity within the human community (M) since
this reflects the frequency of occurrence of disease symptoms. Under
such circumstances it seems sensible to focus mathematical models (and
data collection) on the dynamics of change in the worm burden and distri-
bution with the human population. Transmission via the snail segment of
the life cycle can be reasonably subsumed into a single gain term for the
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TABLE 4
Population parameter values for schistosome infections in snails®

Expected life span Expected life

of uninfected span of
Latent period snails (1/u3) infected snails
Parasite (average value) (field data) (1/u4) (field data)
S. mansoni 32 days at 20°C 3-8 weeks 1-6 weeks
S. haematobium 70 days at 20°C 3-6 weeks 2-4 weeks
S. japonicum 70 days at 20°C 10-16 weeks 4-6 weeks

2 Data from Anderson and May (1979b).

equation determining average worm burden [see Eq. (14)]. Observed pat-
terns of change in parasite prevalence and intensity in man provide a basis
for estimating parameters—particularly the basic reproductive rate Ry.
Recently this approach has been attempted but much remains to be done
(Barbour, 1982; Anderson and May, 1982b).

V. DiIRrRecT LIFE CYCLE INTESTINAL HELMINTH MODELS

Until recently, very few attempts have been made to use mathematical
models to study the dynamics of helminths with direct life cycles. This is
somewhat surprising given the amount of attention devoted to schisto-
somes (which have more complicated life cycles and hence are more diffi-
cult to study by mathematical methods) and the wide prevalence (and
medical significance) of intestinal nematode infections throughout the
world (Hoagland and Schad, 1978; Anderson, 1982a).

The intestinal helminths of greatest interest (in terms of global medical
significance) have relatively simple life cycles which may be summarized
as depicted by the flow chart of Fig. 20. The major species are hookworms
(Ancylostoma duodenale, Necator americanus), the roundworm (Ascaris
lumbricoides), and the whipworm (Trichuris trichiura).

The life cycles of all directly transmitted nematodes are basically of
similar structure, involving two principal populations: the sexually ma-
ture parasites and the free-living infective stages. The infective stage may
be a mobile larva as in the hookworm life cycle or a resistant egg as in the
case of Ascaris lumbricoides. The two principal populations play a central
role in determining the overall transmission success of the parasite; the
sexually mature worms are responsible for reproduction (which occurs
only within this phase of the life cycle, for all species excepting Strongy-
loides stercoralis), while the infective stages determine the rate at which
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Fi1G. 20. Diagrammatic flow chart of the principal populations involved in the life cycles of
directly transmitted intestinal helminths of man. The rate parameters and processes control-
ling the flow of parasites via the life cycle are also depicted.

uninfected hosts are ‘‘colonized’ and the rate of recruitment to estab-
lished parasite populations.

In the design of a mathematical framework for the study of human
infections it is clearly important to base the structure on the variables of
major epidemiological interest. For nematode infections these are the
prevalence of infection (the proportion or percentage of the human com-
munity infected) and the average intensity of infection (the average worm
burden per person) in various age classes of the community. Such data
may be collected by sampling at one point in time (horizontal survey) or
over successive periods in time (longitudinal survey). Intensity is often
measured by indirect methods such as faecal egg counts.

Published models of the population dynamics of intestinal nematodes
consist of two equations to describe changes in the densities of adult
worms and infective stages (Anderson, 1980, 1982a; Croll et al., 1982a;
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Anderson and May, 1982a). The equation for the mean number of sexu-
ally mature worms, M(t) at time ¢, consists of one gain and two loss terms.
The gain term, which represents parasite recruitment to the sexually ma-
ture population, may be expressed as BL,(z — 7)d, (here 8 is the transmis-
sion coefficient representing contact between human hosts and infective
stages); and L(¢ — 7)) is the density of infective stages at time ¢t — 7 in the
habitat of the human community. After the infective stages gain entry to
the human host, a period of time, 7, will elapse before the parasite
develops and attains sexual maturity. We use the parameter d, to denote
the proportion of infective stages that gain entry to the host and survive to
reach sexual maturity. The two loss terms represent parasite mortalities
due to natural causes and/or host-induced effects (immunological attack)
and human mortality. If the human host’s per capita death rate is g, where
1/ denotes life expectancy, and if p(i) is the probability that a host
contains /i worms, then the net loss of parasites due to host deaths is g
2o ip(i). Similarly, the net loss due to natural parasite mortality may be
expressed as 2i.9 u (i) ip(i) where the term w,(i) denotes the per capita
rate of parasite mortality as a function of worm density within the host.
Laboratory studies of nematode infections within rats, mice, and dogs
indicate that worm mortality is often density dependent, but the relevance
of these observations to human infection is as yet unclear due to the
practical difficulties inherent in measurement (Krupp, 1962; Keymer,
1982; Anderson, 1982a).

The equation for L(t), the density of infective stages at time ¢, also
consists of one gain and two loss terms. The net output of transmission
stages by the total parasite population may be expressed as s®N ZZg A(i)
ip(i) where s represents the proportion of female worms in the popula-
tion, @ is the mating function (see discussion of schistosome models and
Table 2), N is human density (assumed constant), i and p(i) are as defined
above, and A(i) is the per capita rate of egg production by female worms
formulated as a density dependent function. Egg production by intestinal
helminths of man is known to be density dependent; some examples are
presented in Fig. 21. Of the total output of transmission stages only a
proportion d, will survive the average time period 7, required to develop
to the infective state. The net recruitment of parasites to the population of
infective stages at time ¢ is thus

sdy®N X, N(i) ip(i, t — 7)
i=0

A rough guide to the lengths of the maturation delays 7, and 7, and to
the life expectancies of the infective stages and mature worms, for the
major intestinal nematodes of man, is given in Table 5. The two loss terms
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FiG. 21. Examples of density-dependent worm fecundity within the human host. (a) A.
lumbricoides (data from Martin et al., 1983). (b) A. lumbricoides (data from Croll et al.,
1982). (¢) A. lumbricoides (data from H]iang et al., 1983). (d) N. americanus (data from Hill,
1926). (e) S. mansoni (data from Cheever, 1968). (f} Hookworm (N. americanus and A.
duodenale) (data from Stoll, 1923). Note that in (a), (b), and (e) the vertical axes record eggs
per gram faeces per female worm, while in (c), (d), and (f) the equivalent axes are 24-hour egg
output per female worm. The solid circles are observed values and the solid lines are the best
fit power, (a), (b), and (e), or exponential, (c), (d), and (f), functions.



TABLE §

Maturation delays and life expectancies of intestinal nematodes of man®

Parasite

Delay from infection
of man to production
of eggs (1)) (in days)

Delay from release of

eggs to development
of stage infective to
man (7,) (in days)?

Life expectancy of
mature parasite
(Y/wy) (in years)*

Life expectancy of
infective stage
(M) (in days)?

Ascaris lumbricoides
Necator americanus
Ancylostoma duodenale
Trichuris trichiura
Enterobius vermicularis

50-80
40-50
28-50
50-84
15-43

10-30 1-2
3-6 2-4
3-6 2-4

11-80 1-3

0.2-0.4 0.1-0.2

28-84
3-10
3-10

10-30

14-56

¢ Data from Anderson and May (1982a) and Muller (1975).

5 The maturation delay 7, is very dependent on the prevailing climatic conditions.
< Only rough approximations due to the practical difficulties inherent in estimation.
4 Life expectancy highly dependent on prevailing climatic conditions.
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represent deaths due to natural mortalities, at a per capita rate u,, and
losses due to infection at a net rate BNL.

The above assumptions result in two coupled nonlinear differential
equations for M(¢) and L(¢).

dM/dt = BL(t — 1))d, — 4 2 ip(i) — E i) ip(i) (32)
dL/dt = sd;®N >, \(i) ip(i, t — 72) — uaL. — BNL (33)
i=0

The model has a deterministic framework but is essentially hybrid in
structure, containing the probability elements p(/) (probability of observ-
ing i parasites within a single host) which influences the mating function ®
and the density-dependent parasite mortality and fecundity terms w(i) and
A(#). Some simplification in model structure can be achieved by making a
phenomenological assumption concerning the distribution of the probabil-
ity terms [the p(i) values] (Anderson and May, 1978; May and Anderson,
1978). This procedure is only a crude approximation to the more exact
treatment arising from the development of a fully stochastic model (see
Nasell and Hirsch, 1973; Barbour, 1978). It should be noted, however,
that stochastic models of nonlinear processes [e.g., the assumption em-
bodied in Egs. (32) and (33)] are somewhat intractable to analytical inves-
tigation. A phenomenological assumption about the way worms are dis-
tributed among hosts therefore generates greater flexibility and facilitates
the biological interpretation of model properties.

Quantitative knowledge of the nature of nematode parasite distribu-
tions within human communities is limited, although it has increased sub-
stantially in recent years. This is a consequence of the growing use of
chemotherapeutic agents in epidemiological studies to expel intestinal
helminths in the faecal output of infected persons. An example of the data
collected by the use of this technique is presented in Fig. 11. Without
exception, the distributions are aggregated in form: a few people harbour
heavy worm burdens and the majority harbor few or none. The patterns
are well described empirically by the negative binomial distribution; this
probability distribution is defined by two parameters, the mean M and a
parameter k which varies inversely with the degree of parasite contagion
(Bliss and Fisher, 1953). Table 6 documents some of the available quanti-
tative data on the magnitude of & for various human helminths in different
regions of the world. The vast majority of estimates find & less than unity,
indicating severe aggregation. It is not uncommon for more than 70% of
the total worm population to be harboured by fewer than 10% of the human
community; this property of the negative binomial distribution is por-
trayed graphically in Fig. 22.
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TABLE 6
Degree of parasite aggregation in the human or vector host population as measured
inversely by the negative binomial parameter k

Geographical
Parasite location Host k Reference
Ascaris lumbricoides Iran Man 0.2-0.9 Croll et al. (1982)
Burma 0.3-0.9 Hliang et al. (1983)
Korea 0.3-0.55 Seo et al. (1979)
Bangladesh 0.2-0.5 Martin et al. (1983)
Japan 0.2-0.5 Fushimi (1959)
Necator americanus India 0.03-0.6 Anderson (1980)
Ancylostoma duodenale  Taiwan 0.05-0.4  Anderson (1980)
and N. americanus
Enterobius vermicularis Korea 0.3-0.4 Chai er al. (1976)
Trichuris Jamaica 0.2-0.3 Bundy et al. (1982)
trichiura
Schistosoma mansoni Brazil 0.03-0.5 Anderson and May (1982a)
Wuchereria bancrofti Surinam and 0.6-0.7  This article
Samoa
Wuchereria bancrofti Tabhiti Culex 0.24 Pichon er al. (1980)
(infective larvae) pipiens
quinque
fasciatus
Tanzania 1.68 Pichon ef al. (1980)
Volta Anopheles 0.54 Pichon et al. (1980)
gambiae
Onchocerca sp. Toga Simulium 0.04-0.07 Cheke et al. (1982)
damnosum

Further simplifications in the structure of the model can be achieved by
noting the considerable differences in time scales (life expectancies) asso-
ciated with the mature adult worms versus the infective stages (excepting
E. vermicularis), as displayed in Table 5. In addition, the maturation
delays 7, and 7, are in general short when compared with the life expec-
tancies of the mature worms in man. It is therefore reasonable to assume
that the dynamic properties of Egs. (32) and (33) may be effectively cap-
tured by a single equation for M in which the time delays are assumed to
be of negligible significance, such that

dM didys®N D, \(i) ip(i

To proceed further with the analysis of the model it is necessary to define
the density-dependent functions A({) and w(i). It has been assumed in



42 R. M. ANDERSON AND R. M. MAY

100

oo
(=]
'

F -
—
)

N
—
)

Percentage of parasites

0 2 4 6
k

F1G. 22. The relationship between the percentage of the total parasite population harboured
by the most heavily infected 10% of the human community and the degree of worm conta-
gion (measured inversely by the negative binomial parameter k). The worms are assumed to
be distributed in a negative binomial manner with a mean worm burden M of 10 parasites per
person.

previous work that the dominant density-dependent term is that of fecun-
dity, A(i), and that the death rate of adult worms is essentially constant
and independent of worm burden (Anderson, 1982a; Croll er al., 1982).
This approach is based on the wealth of empirical evidence which demon-
strates the density-dependent nature of worm fecundity (see Fig. 21) and
the lack of evidence, due primarily to difficulties in measurement, of
similar dependencies in worm mortality. The measurement of rates of
adult worm mortality, and any dependence these rates may have on worm
burden, is beset with many practical problems. The estimates of adult
worm life expectancies listed in Table 5 are only crude approximations
and hence must be treated with caution. In addition, the absence of data
does not necessarily imply that density-dependent worm mortality or es-
tablishment is not of great significance to the dynamics and stability of
intestinal helminths.

With the limitations in mind, the model defined by Eq. (34) can be
further simplified by noting that the observed dependence of egg produc-
tion on worm burden is well described empirically by an exponential
decay function of the form A(i) = A\ exp(—1vi) (see Fig. 21 and Anderson
and May, 1982a). With the assumption that the worms are distributed in a
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negative binomial manner within the human community, Eq. (34) may be
simplified to give

N FIE ) Y 35)

Here C is the life expectancy of the adult parasite, C = /(4 + w,); k is the
aggregation parameter of the negative binomial, z = exp(—v); and Ry is
the basic reproductive rate of the parasite. Specifically, Ry is defined as

Ry = zs®Bdidy NMI(A + pi)(pz + BN)] (36)

Note that the mating term @ is a function of the probability distribution of
parasite numbers per host and hence of M and . Intestinal nematodes are
dioecious species, and are thought to be polygamous in their mating
habits. In other words, if a host contains four female and one male para-
sites, all four females are likely to be inseminated (in contrast to the
supposed monogamous habits of schistosome parasites). The appropriate
functional form of ® for a dioecious polygamous parasite, distributed in a
negative binomial manner, is defined in Table 2 (see also Fig. 24).

The analysis of Eq. (35) follows lines identical to those described for the
basic schistosome model [Eqgs. (9)-(11)]. Further, the general properties
are virtually identical: there is a transmission threshold at R, = 1 and a
breakpoint worm burden M, generated by the mating probability term
(see Anderson, 1982a). The density-dependent constraint which regulates
parasite abundance is generated by the fecundity term in Eq. (35), while in
the schistosome model it arises from the assumption that multiple mira-
cidial infections of the snail host do not increase cercarial production over
that arising from single infections. The net effects of the two processes,
however, are identical, acting to constrain parasite population growth at
high densities. For intestinal helminths the severity of density-dependent
constraints is partially determined by the degree of worm aggregation
within the human community. Highly clumped distributions result in a
greater proportion of the parasite population being influenced by density-
dependent processes, when compared with random distribution with the
same average worm burden.

The mating probability terms act as a form of inverse density depen-
dence, since the likelihood of a female worm being able to produce viable
offspring increases as average density rises.

The comparative simplicity of the direct life cycles of intestinal nema-
todes, when compared with the indirect cycles of schistosome parasites,
has enabled crude estimates to be obtained for the majority of the parame-
ters embodied in Eq. (35). As a consequence, it has been possible to
obtain approximate estimates of the basic reproductive rate R, in certain
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communities with endemic infections and hence roughly to calculate the
value of the breakpoint state M,. An illustration of one such attempt is
given in Fig. 23 which pertains to Ascaris lumbricoides within rural com-
munities in Iran (Croll et al., 1982). With an overall average worm burden
(over all age classes) of 22 and an R, value of 4.3, the breakpoint is
approximately 0.2 worms per host. The low level of this value is a conse-
quence of the high degree of parasite contagion (k = 0.34). Similar esti-
mates have been obtained for hookworm infections in India (Anderson,
1980) and whipworm infections in Jamaica (Bundy ez al., 1982).

The probability distribution of worm numbers per host determines the
relationship between the prevalence of infection P(¢) and the average
intensity M(¢) at time ¢. For a negative binomial distribution this relation-
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F1G. 23. The relationships between the equilibrium mean worm burden M* (a) or the equilib-
rium prevalence of infection P* (b) and the basic reproductive rate R, for a polygamous
intestinal nematode (i.e., A. lumbricoides) which is distributed in a negative binomial man-
ner within the human population (k = 0.34). The dashed line denotes the unstable breakpoint
M, , and the arrows show how the dynamic trajectory of M behaves following a perturba-
tion from one of the two equilibrium states M* (endemic infection) and M* = 0 (parasite
extinction). The vertical dotted line denotes the transmission threshold R, = 1, below which
the infection cannot be maintained. See text for further details.
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ship is simply
Pt)=1—(+ M@)/k)y* 37)

A consequence of high degrees of parasite aggregation (k small) is that for
moderate to high levels of the average worm burden M, the value of ® is
essentially unity (Fig. 24). This is particularly so for polygamous para-
sites. Under such circumstances the equilibrium worm burden M *, denot-
ing stable endemic infection, can be derived from Eq. (35) by setting dM/
dt = 0:

M* = K[Ry**D — 11/(1 - 2) (38)

The equilibrium prevalence P* is obtained by substituting M* for M(t) in
Eq. (37).

The value of M* rises approximately linearly as R, increases, provided
the degree of parasite contagion is high (k << 1). The prevalence P*,
however, approaches an asymptote whose value is set by the magnitude
of k. For random distributions the asymptote is 100%, while for conta-
gious distributions the value is inversely related to the magnitude of k. If &
is very small, as often appears to be the case (see Table 6), the asymptotic

o

0.5

Mating probability ¢

04 T T T U
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Fi1G. 24. The relationship between the mating probability ® and the average worm burden
M* for various assumptions concerning parasite distribution within the human community
and parasite sexual habits (see Table 2 for explicit functions). The horizontal dotted line (P
= 1) is for a hermaphroditic species which is able to self-fertilize. Curve a, polygamous
parasites distributed in a negative binomial manner; curve b, polygamous parasites distrib-
uted randomly; curve ¢, monogamous parasites distributed in a negative binomial manner;
curve d, monogamous parasites distributed randomly. In all cases female and male worms
are assumed to be distributed together as opposed to separately (see Anderson 1980).




46 R. M. ANDERSON AND R. M. MAY

100 k= 1.0
g 80
b k=0.3
S 60+
k]
[
S
s 40
[} k=0.1
Q
o
= 20
>
et
[a 1%
k=0.001
0 -
0

F1G. 25. The influence of the degree of parasite aggregation, as measured inversely by the
negative binomial parameter £, on the relationship between the prevalence of infection and
the value of the basic reproductive rate R, (assuming z = 0.9). Dashed line depicts transmis-
sion threshold, when Ry = 1.

prevalence will never attain 100% irrespective of the degree of transmis-
sion success (the value of Ry); see Fig. 25.

The relationship between P* and M* for high degrees of parasite conta-
gion has important implications for the interpretation of changes in preva-
lence and intensity, both with respect to host age and as a consequence of
man’s intervention. As illustrated in Fig. 25, significant changes in aver-
age intensity of infection (recorded in this figure as R, because M is
approximately linearly related to this parameter for small k values) may
have relatively little impact on the prevalence. For example, with a k
value of 0.2, halving the average worm burden from 20 to 10 will only
reduce the prevalence by 6% (from 60 to 54%). Note, however, that such
calculations are based upon the assumption that a change in average
worm burden does not alter the degree of parasite aggregation within the
community. Despite this caution, these observations are of considerable
epidemiological interest; they help explain why substantial changes in
parasite intensity with age do not necessarily result in concomitant
changes in prevalence (see Fig. 10).

A final point of interest to emerge from Eq. (35) concerns the use of
indirect measure of average worm burden, such as faecal egg counts, in
epidemiological surveys. Given the empirical evidence for density-depen-
dent worm fecundity (see Fig. 21), it follows that people with the heaviest
worm burdens may not necessarily produce the largest number of eggs.
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F1G. 26. The relationship between the total daily egg output and worm burden i, given an
exponential relationship between the per capita female worm egg production rate and worm
burden, A(i) = A exp(—yi), where the constants A and y have the values 8.285 x 10° and
—0.03, respectively (see Fig. 21¢). The specific relationship shown is for A. lumbricoides in a
rural community in Burma (see Hliang er al., 1983).

For a person with i worms, the net production of eggs is simply i\({) per
unit of time. The relationship between iA(/) and i, for parameter values
thought to be appropriate to the biology of Ascaris lumbricoides, is por-
trayed in Fig. 26. This pattern is revealing and suggests that considerable
caution must be exercised in the interpretation of intensity data based on
egg output measures. In certain instances the pathology of infection is
closely correlated with egg production (e.g., schistosomes) but more com-
monly (e.g., the intestinal nematodes) it is directly related to worm
burden.

VI. FILARIAL WORM MODELS

To our knowledge the only formal mathematical work on the transmis-
sion dynamics of the nematode filarial infections is that of Dietz (1980,
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1982a). In this section we briefly summarize the main themes of this work
and attempt to draw parallels with the analyses of the models for schisto-
some and intestinal helminth parasites.

Dietz considers in detail one of the major filarial diseases, onchocer-
ciasis or river blindness. The causal agent is the nematode Onchocerca
volvulus which is transmitted indirectly by blackflies belonging to the
genus Simulium. The transmission cycle is shown schematically in Fig.
27. The main difference between this form of life cycle and that of the
directly transmitted intestinal helminths that were considered above is the
presence of a biting arthropod vector, which facilitates transmission suc-
cess from man to man; the situation is broadly similar to that for schisto-
somiasis (with its molluscan intermediate vector), but the details are dif-
ferent. In areas where onchocerciasis is endemic, the prevalence of
infection often approaches 100%, although great variation exists between
villages in the average worm burden and hence the prevalence of disease
symptoms. For this reason it is again necessary to consider a model
whose framework takes account of changes in worm density per person,
as well as changes in the overall prevalence. An added complication
arises, however, from the observation that the impact of the larval para-
sites on the fly vector is also determined in part by parasite density (Fig.
29). It is therefore necessary to consider two epidemiological variables:
M, the mean number of mature adult parasites per person, and L, the
mean number of infective larvae per fly. These variables are precisely the
ones most commonly studied in epidemiological surveys (although the
mean adult worm burden is measured indirectly by estimates of microfi-
larial density in man; microfilariae are the larval stages released by the
mature female parasites into the blood or skin of man and which are
picked up by the biting vector).

The model of Dietz considers changes in M(a,t) and L(a,t) both with
respect to time ¢ and host age a (whether man or fly). The coupled nonlin-
ear partial differential equations are of the general form:

M oM _ _
g aa—a = {T\.L/[1 + f(T;,D)]} — i M[1 + g(M)] (39)

at
L L _ —
o+ 52 = DML+ (T B — paLll + L] (40)

The variables M and L represent average values of the parasite densities
where the averages are taken with respect to the age distribution of the
human and intermediate host populations. If the human and vector popu-
lations have stable, exponential age distributions with constant per capita
mortality rates b; and b,, respectively, the average values M(¢) and L(z)
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are

M) = f: M(t.a) "1 da @l

e = [: L(t,a) e~ da (42)

The parameters T, and T, denote the effective rates of transmission from
vector to man and man to vector, respectively (as in the schistosome
model). The parameters w; and wu, represent the density-independent
death rates of the adult and larval parasites, respectively, while the func-
tions g, and g, denote the additional mortality imposed by density-depen-
dent effects. The functions f; and f; represent density-dependent con-
straints on the recruitment of parasites to the adult worm population and
the production of infective larvae, respectively. The parameters T, and T,
can be dissected to reveal a finer parameter structure. For example,
T, = N.d,Bp/N, where N, is human density, N, is vector density, d, is the
number of worms which attain maturity (resulting from the number of
infective larvae ingested during one blood meal on man), p is the propor-
tion of blood meals taken from man (as opposed to other vertebrate spe-
cies), and 8 is the number of blood meals taken per unit of time. Similarly,
T, = Bpd, where d, is the number of larvae ingested during one blood meal
taken from man.

An expression for Ry, the basic reproductive rate, may be obtained from
the equilibrium equations (6M/dt = oM/da = 0) of the model defined by
Eqgs. (39) and (40):

Ry = T/ Th/(uy + by)(uy + ba) (43)

Note that a term N,/N| is embodied in the above expression for Ry denot-
ing the ratio of vectors to humans. This is to be compared with the
product NN, arising in the expression for Ry derived from models of
schistosome parasite dynamics. The difference is a consequence of the
differing modes of transmission: one via a biting arthropod (filarial
worms), the other by free-living infective stages (schistosome parasites).
For filarial worms and other infections borne by biting arthropods, the
intermediate vector tends to make a fixed number of bites per week,
independent of the number of human hosts available to feed on. Transmis-
sion is therefore dependent on the ratio of vectors to man (see May and
Anderson, 1979). (If, however, the biting vector takes its fixed number of
blood meals from several different species, the proportion p taken from
man may be proportional to N, ; in this event, R, is again proportional to
NN, rather than to the ratio N,/N,.)

The dynamic properties of the partial differential equation model [Eqgs.
(39) and (40)] are dependent on the density-dependent functions f;, f>, g,
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and g,. Unfortunately, however, empirical data concerning these rela-
tionships are virtually nonexistent at present. Dietz considers three possi-
ble cases: (1) a single density-dependent constraint represented by an
association between the death rate of the human host and the parasite
burden (g, # 0, fi = f> = g2 = 0); (2) a single constraint represented by an
association between the death rate of the vector and its parasite burden
(g2 # 0, g, = fi = fo = 0); and (3) density-dependent constraints on the
establishment of parasites within both the human and intermediate host
(g1 =82=0,fi #0, £ # 0). For case (3), Dietz assumes linear functions
for f) and £; such thatfl(M) =M andfz(M) = a;M, where a; and a5 are
constants of proportionality.

Each of the three cases gives rise to a different relationship between the
equilibrium average worm load per human, M*, and the equilibrium aver-
age infective larval burden per vector, L*. Respectively, for cases (1), (2),
and (3), these relationships are

]‘_4* = Z*(bz + ;.Lz)/Tz (44)
M* = L*Ry(b; + w,)/ T, (45)
M* = L*(by + up)/[(No/N)To(1 + aaL*)] (46)

Aside from the trivial equilibrium state M = L = 0 (for Ry < 1), all three
models have a single positive stable equilibrium. The breakpoint concept,
arising for the schistosome and intestinal helminth models, is not relevant
because Dietz assumes that adult worms are highly aggregated in their
distribution within the human community such that the mating probability
® is essentially unity in value for all positive values of M. _

It is clear from Eqs. (44) and (45) that for cases (1) and (2) M* and L*
are simply proportional to each other. Case (3), illustrated by Eq. (46), is
of more interest since the value of M* will approach an asymptote as L*
increases. In other words, very substantial changes in the average density
of infective larvae per vector (L*) may not necessarily result in significant
changes in the average worm load within the human population. To assess
the validity of these rather crude assumptions concerning the density-
dependent checks on parasite population growth, it is necessary to exam-
ine empirical observations on the relationship between M and L. Unfortu-
nately, quantitative data are limited and indirect measures of M must be
employed. Specifically, worm intensity in man is usually assumed to be
proportional to the density of microfilariae in a unit weight of skin (1 mg
skin snip). This assumption may be false given the broad association, for
other nematode species of man, between parasite density and worm fe-
cundity (see Fig. 28). In the absence of any data for filarial parasites,
however, the assumption of direct proportionality at least has the merit of
simplicity.
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Fi1G. 28. The relationships between the mean density of Onchocerca volvulus microfilariae
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age in years. See text for further details. (From Dietz, 1982b.)
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The data examined by Dietz (1982a) were taken from studies in Camer-
oon, Upper Volta, and the Ivory Coast. Figure 28 shows observed rela-
tionships (1) between M (measured indirectly by microfilarial density in
skin snips) and L; (2) between M and the annual fly biting rate (propor-
tional to T, the transmission rate from vector to man, and measured by
recording over a full year the average number of flies attempting to feed
per unit of time on human baits stationed in villages with endemic dis-
ease); and (3) between intensity of human infection and human age. The
relationship between M and L is somewhat inconclusive, although it does
hint at the presence of an asymptote in M as L increases (Fig. 28). The
association between M and the annual fly biting rate is of much greater
interest and provides evidence for the existence of a transmission thresh-
old (in terms of the fly biting rate) for parasite persistence. Dietz em-
ployed this information to calculate values for the basic reproductive rate
Ry in a series of villages. These estimates, as recorded in Table 7, are
highly variable among villages. This variability is also reflected in age-
related changes in the intensity of infection in man.

The age-associated changes in parasite intensity, recorded in Fig. 28c,
may be due to a variety of factors. Age-related changes in contact with
the vector, along with differential survival rates between lightly and heav-
ily infected people, are thought to be the dominant effects (Dietz, 1982a).
Using empirical relationships between human age, contact with vectors,
and the death rate of infected people, Dietz (1982a) employed numerical
methods to examine both the temporal dynamics of the model defined by
Egs. (39) and (40) and the impact of various forms of control on disease
prevalence and intensity. In these calculations it is assumed that the adult
worms in man have a life expectancy of roughly 8 years. The fly vector is
thought to have a life span of a few weeks (as opposed to months or

TABLE 7
Estimates of the basic reproductive
rate Ry for Onchocerca volvulus in
various villages®

Village name Country Ry
Rey Manga Cameroon 3.1
Douffing Cameroon 35
Nasso Upper Volta 9.0
Péndi¢ Upper Volta 33.7
Mayo Galké Cameroon 50.3
Dangonadougou Upper Volta 74.0
Fétékro Ivory Coast 166.7

2 Data from Dietz (1982a).
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years). Given this enormous discrepancy in the life spans of the adult
parasite in man and the infective larvae in the fly vector, it is hardly
surprising that Dietz (1982a) was drawn to the conclusion that even per-
fect vector control over long periods of time (10-20 years) will still leave
sufficient adult worms alive within the human community to reestablish
parasite transmission once vector control ceases.

Quantitative studies, employing mathematical methods, of the dy-
namics of filarial infections are in their infancy at present, and much
remains to be done. A major problem in this area, however, is the lack of
quantitative population data although recent work is helping to rectify this
situation (Kirkwood er al., 1983a,b). At present it is only possible to
speculate upon the types and severities of density-dependent processes
acting on the parasites’ dynamics. This situation can easily be improved
with respect to the parasites’ association with the fly vector. Indeed,
experimental studies of filarial infections, in laboratory animals clearly
demonstrated an association between vector mortality and parasite bur-
den (Christensen, 1978). At present, however, it is difficult to envisage
how such information may be acquired with respect to the associations
between filarial parasites and man.

VII. HyBRID MODELS INCORPORATING HETEROGENEITY IN EXPOSURE
TO INFECTION

The models discussed so far are essentially deterministic, even though
they do incorporate probability elements to describe both the distribution
of parasite numbers per host and the likelihood that a female worm is
successfully inseminated. The form of the distribution of worm numbers
has been treated as a fixed entity, unaffected by changes in the average
worm burden and associated population rate parameters. The observed
aggregation patterns in such distributions are in part induced by heteroge-
neity in exposure to infection, resulting from the action of genetic, spatial,
or behavioural mechanisms. Recent work by Diectz (1982b) attempted to
include heterogeneous exposure within mathematical models of helminth
dynamics. The model considers changes in the number of hosts, n(a.i.h),
of age a with i parasites and exposure index (exposure to infection) 4. The
index /4 is assumed to be constant throughout the lifetime of an individual
host and to have a gamma distribution within the population of hosts. The
probability density function of this distribution g(/4) is

gh) = s*h¥e *"M(s) (47

with a mean of unity and a variance s ~!. The rate of exposure to infection
is defined as B, such that the rate of acquisition of parasites of an individ-



HELMINTH INFECTIONS OF HUMANS 55

ual with exposure index & is BA. The parameter 8 is also assumed to be
constant and independent of the size of the total parasite population (a
constant force of infection). Parasites have a constant per capita natural
mortality rate of w, while hosts have an age-dependent (but parasite-
independent) death rate b(a) and a parasite-induced death rate ai (where
a is a constant of proportionality). Changes in n(a,i,h) with respect to
host age can be expressed as infinite series of differential equations:

dn(a,ih) _

1 —[Bh + b(a) + i + ailn(a,i,h) + Bhn(a,i — 1,h)

+ w(@ + 1) n(a,i + 1,h) (48)

By the introduction of the probability-generating function

3

m(a.z,h) = X, n(a,i,h) 2 (49)
i=0
the infinite system of equations can be reduced to one partial differential
equation with the solution

w(a,z,h) = Ng(h)
exp[—f: b(r) dr — « J’: m(r,h) dr + m(a,h) (z — 1)] (50)

Here the mean number of parasites, m(a,h), in hosts of age a and expo-
sure index A is given by

m(a,h) = [Bh/(a + )]l — e~ ‘x+rH] 5N

The initial conditions required for the solution [Eq. (50)] are n(0,0,k) =
Ng(h), where N is total host population size and »n(0,i,h) = O fori > 0
(hosts uninfected at birth).

The distribution of parasite numbers in hosts of age a with exposure
index 4 is Poisson in form, with mean m(a,h) [see Eq. (51)]. Hence, the
distribution of parasite numbers in all hosts of age a (with different expo-
sure indices) is negative binomial in form with generating function G(a,z)
(arising from the compounding of a series of Poisson distributions with the
means distributed in a gamma form) and mean M(a)

M(a) = m(a,l)/[] + (als) f; m(7,1) d‘r] (52)

Interestingly, whereas the average number of parasites in one individ-
ual increases monotonically and approaches an asymptote Bh/(u + a),
the average number of parasites in the total population rises to a maxi-
mum level but then declines to approach zero. This is a consequence of
the relatively early death of highly exposed individuals such that the
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average exposure index—and therefore the average parasite load—de-
clines above a certain age (Dietz, 1982b).

The probability-generating function of the number of parasites in the
total host population, H(z), is 2 mixture of negative binomial distributions
(one for each age class):

H() = fo L(a) G(a.2) da/f: L(a) da (53)

Here L(a) is defined as

- el v - LS

The general biological conclusion to emerge from this sort of approach
is that heterogeneity in exposure to infection generates heterogeneity in
the distribution of parasite numbers per host. These aggregated distribu-
tions (negative binomial in form for the specific example considered by
Dietz, 1982b) differ from one age group to the next, and the overall distri-
bution of parasite numbers within the total host population is formed from
a mixture of aggregated distributions. Provided the life expectancy of the
parasite (1/u) is short in relation to that of its human host, the mixture is
itself approximately negative binomial in form. In practical terms, there-
fore, it would be difficult (unless a very large number of observations are
available) to distinguish between the mixture distribution and a single
negative binomial distribution for the overall pattern within the human
community. Aside from its virtue of simplicity, the phenomenological as-
sumption of a single negative binomial distribution, employed in the schis-
tosome and intestinal heiminth models, thus appears to be a good approxi-
mation to the more complicated, and presumably more realistic,
assumptions made in the model of Dietz (1982b).

Further studies along the lines outlined above have recently been pub-
lished by Hadeler and Dietz (1983). They again adopted Kostitzin’s ap-
proach (Kostitzin, 1934) of taking accounts of changes in the number of
hosts with i parasites, but they examine temporal as well as age-related
changes. In contrast to the work of Dietz (1982b), they assumed that
exposure to infection is constant and not a random variable within the
human community. However, despite the model’s considerable mathe-
matical complexity, they arrived at the predictable conclusion that the
parasites (in the absence of heterogeneity in exposure) are randomly dis-
tributed within any given age class of the host population. Since each age
class has a different average worm burden, the distribution of parasite
numbers in the total host population is formed from a mixture of Poisson
distributions and is therefore aggregated or overdispersed in form. It
should also be noted that these conclusions are based on a model whose
structure excludes density-dependent parasite mortality or fecundity.
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VIII. GENERAL AGE-STRUCTURED MODELS OF
HuMAN HELMINTH INFECTIONS

A number of general concepts emerge from the mathematical studies
outlined in the previous sections. Five principal factors appear to control
the observed dynamics of the major helminth infections of man (Anderson
and May, 1982a).

A. TIME SCALES

The relative time scales on which the dynamics of host and parasite
populations operate are largely determined by the expected life spans of
the human host and the various developmental stages of the parasite. The
human host typically has a life span an order of magnitude or more in
excess of any of the parasitic stages (certain filarial species may be an
exception to this trend), while the free-living stages of the larval parasites
within insect or molluscan intermediate hosts have life spans much
shorter than those of the sexually mature parasites in man. These empiri-
cal observations enable significant simplifications to be made in the con-
struction of mathematical models and in the analysis of their properties,
without any serious loss of biological detail or accuracy. The dynamics of
the population of adult parasites in man (which is the population of great-
est epidemiological significance since it is directly or indirectly the cause
of disease symptoms) can be examined under the assumption that the
human population is approximately constant in size on a time scale appro-
priate to changes in adult parasite population size. Furthermore, it is
reasonable to assume that the population of infective stages are essen-
tially at equilibrium, due to the rapidity with which changes in these
populations occur compared with those in the adult worm populations.
This observation is of relevance not only to the schistosome parasites and
the intestinal helminths but also to the filarial worms. It is therefore often
appropriate to base mathematical models on a single equation to describe
changes in the average worm burden within the human community.

B. DENSITY-DEPENDENT PROCESSES

As noted by Bradley (1972) and Anderson (1980), the observed stability
of helminth populations in human communities is largely a consequence
of density-dependent constraints on adult worm establishment, survival,
and fecundity. Although man is unable to develop an effective protective
response to helminths, in the sense that reinfection is the rule rather than
the exception, he can mount nonspecific and immunological responses to
the invasion of helminths; these responses act in a manner dependent on
the degree of antigenic stimulation (parasite numbers) (Wakelin, 1978a,
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1984). The net severity of these constraints is critically dependent on the
statistical distribution of worm numbers per host. As we have seen for
schistosomes, filarial nematodes, and intestinal worms, our current
knowledge of those processes is rather limited. However, mathematical
models show clearly their significance to overall dynamic behavior.

C. PARASITE DISTRIBUTIONS

The statistical distributions of worm numbers per host are invariably
highly aggregated, with the majority of worms often being harboured by a
minority of the host population. This appears to be the case irrespective
of whether the host population is man (Fig. 11) or an intermediate inverte-
brate species (Fig. 29). The generative mechanisms of such patterns are

al
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F1G. 29. Frequency distribution of the number of first-stage larvae of Onchocera spp. per fly
vector (Simulium damnosum) (data from Cheke et al., 1982). The histogram bars are ob-
served values and the solid line denotes the best fit negative binomial model. Parameter
values: k = 0.073, mean = 0.29.
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many and varied, but include genetic, spatial, and behavioral factors. The
negative binomial probability distribution has proved to be a good empiri-
cal model for observed patterns of aggregation; the degrees of aggregation
(as measured inversely by the parameter k) are usually severe, with &
typically being below unity (see Table 6). Such patterns clearly enhance
the severity of density-dependent checks on the growth of adult parasite
populations.

In certain instances the degree of worm contagion changes with host
age. The general trend in such cases is for aggregation to decrease with
age. More commonly, however, there is a remarkable degree of unifor-
mity in aggregation throughout the various age classes of human commu-
nities (Fig. 30). This observation is somewhat surprising, since if repeated
exposure to reinfection acts to enhance the immunological competence of
man to resist invasion it might be expected that parasite aggregation
would decline markedly in the older age classes. Density-dependent
mechanisms induced by immune responses are known to decrease the
variance of worm numbers per host (Anderson and Gordon, 1982; Cromp-
ton et al., 1983). Observed uniformity, as seen in Fig. 30, may simply be a
consequence of the few available data sets which permit aggregation esti-
mates to be obtained for a variety of age classes within human communi-
ties. More data are required in this area.

D. MATING SUCCESS

The mating function is of obvious importance to the dynamic properties
of mathematical models of human helminth transmission. Its nonlinearity
creates multiple stablz states and thus gives rise to the concept of an
unstable breakpoint. It is important to note, however, that in practical
terms its relevance is far less than was originally thought (Macdonald,
1965). For monogamous and polygamous species, the high degrees of
parasite aggregation observed in human communities imply that the
chance of a female worm being inseminated is essentially unity in value for
all but very low average worm burdens per host. For example, recent
studies of Ascaris and hookworm infections suggest that the breakpoint is
of the order of 0.3—0.5 worms per host (Anderson, 1980; Croll et al.,
1982). For most practical purposes, therefore, the mathematical complex-
ities induced by the formal inclusion of mating success in transmission
models can safely be ignored.

E. THE BASIC REPRODUCTIVE RATE Ry

The concept of a basic reproductive rate, which combines measures of
the various individual population rates involved in transmission into a
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Fi1G. 30. Examples of age-dependent trends in the value of the negative binomial parameter
k, which varies inversely with the degree of worm aggregation within the human population.
(a) S. mansoni in Brazil (data from Cheever et al., 1977). (b) A. lumbricoides in Iran (data
from Croll et al., 1982). (c) Hookworm in Taiwan (data from Hsieh, 1970). (d) N. americanus
in India (data from Anderson, 1980).
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single composite parameter, is of great theoretical and practical signifi-
cance to epidemiological study. Most importantly, the condition Ry = 1
defines a transmission threshold below which the parasite is unable to
maintain itself in the human population. This condition therefore provides
a focus for measures designed to control parasite abundance. If the hel-
minth population attains a steady (equilibrium) state within the human
community, the effective reproductive rate, R, is unity in value. In other
words, each female parasite exactly replaces herself in the next genera-
tion. The magnitude of R, plays a dominant role, in conjunction with
density-dependent factors and parasite distributions, in determining the
shapes of observed age—prevalence or age—intensity curves. We will re-
turn to this issue later when dealing with the problems of estimating the
value of R, from epidemiological data.

The principles summarized above (this section; A—E) can be embodied
in a general mathematical framework to describe the transmission of hel-
minth parasites within human communities. The framework must incor-
porate the age structure of the human population, because epidemiologi-
cal data are most commonly collected in the form of age-related changes
in parasite prevalence and intensity. Consider changes in the average
burden of adult worms per person, M(a,t), with respect to age a (horizon-
tal changes) and time ¢ (longitudinal changes). We can write down a
general partial differential equation for M(a,t?):

IM(a,)oa + dM(a,t)lot = Ala,t) — M(a,t) H(M,k) (35)

Here the function A(a,?) is defined for notational convenience as
Ma,t) = T(@,M.K) [ L) M(t,a) fi(M.k) da/j: L@) da (56)

The functions f; and f; represent density-dependent constraints on para-
site fecundity and mortality, respectively. They are formulated as func-
tions of the mean worm burden M and the degree of parasite contagion
within the host population & (assuming a negative binomial distribution of
numbers per person). The net output of parasite transmission stages into
the environment is represented by the integral

J: L(a) M(¢t,a) f1(M k) da/f: L(a) da

which represents the contribution from each age class of the human com-
murity weighted by the proportion of the total population of people who
are in that age class. The quantity L(a) is the probability that a host
survives to age a; human life expectancy L is simply L = f:; L(a) da (the
human community is assumed to be of constant size with a stable age
distribution). The term T(a, M, k) denotes the collapsed details of parasite
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survival, reproduction, and transmission via the segments of the life cycle
not involving man. It is expressed as a function of worm density, worm
distribution, and host age to encompass density-dependent establishment
of the parasites in man and age-specific rates of human contact with the
transmission stages.

Although the model is a fairly general statement of the potential dy-
namics of a human helminth infection, it is of limited application as it
stands due to the unspecified nature of the functions 7Ty, f;, and f5. To
illustrate the model in action, we consider the intestinal worm Ascaris
lumbricoides. For this species it is believed that the major density-depen-
dent constraint on parasite population growth falls on the fecundity term
(in the absence of empirical evidence concerning establishment and sur-
vival). A good example is illustrated in Fig. 26, where. the total egg output
per female worm is shown to decay exponentially as total worm burden
rises. Given a negative binomial distribution of parasites, the function f; is
of the form

LMk) = [1 + (1 = 2)(M/k))~*+D (57)

where z = exp(—v) [see Eq. (35)]. If the establishment and survival are
assumed to be density independent, and contact with infective stages
assumed to be independent of host age, Eq. (56) simplifies to

A(t) = (Ry/AL) f: L(a) M(a,t) fi(M,k) da (58)

where L is human life expectancy, A = (1/u,) is the life expectancy of
adult worms, and R, is the basic reproductive rate as defined in Eq. (36).
Given estimates of the various parameters, Eq. (47) can be solved by
standard numerical procedures. Difficulties arise, however, in obtaining
estimates of the basic reproductive rate Ry.

One approach, recently adopted by Anderson and May (1982a), is as
follows. For certain endemic infections such as Ascaris, hookworm, and
Trichuris (see Figs. 2, 3, and 4) the average worm burden rises rapidly as
host age increases, reaching a plateau such that the mean worm burden
M(a,t) in the majority of age classes is essentially equal to the mean worm
burden of the total population M(r). If the parasite is at a stable equilib-
rium within the community, with overall mean burden M*, a good esti-
mate of A is given from Eqs. (57) and (58) by

A = (RoM*/A)1 + (1 — 2)(M*/k)]~%+D (59)

At the stable state (3M(¢,a)/dt = 0), changes in worm burden with age are
therefore given by

dM(a)lda = A —[M(a)/A] (60)
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This equation has the solution
M(a) = AA(1 — e)=94 61)
The corresponding expression for the prevalence P(a) is
P(a) =1 —[1- + M(a)/k]* (62)

It is here assumed that the distribution of parasites in the entire commu-
nity remains approximately negative binomial in form with mean M* and
clumping parameter k. The precise overall distribution will be formed
from a mixture of negative binomial distributions (one for each age class)
as a consequence of the age-dependent human mortality terms, L(a),si
(Dietz, 1982b). The use of a common aggregation parameter, however,
remains a good approximation provided parasite life expectancy is short
in relation to that of man (see the discussion in previous sections). Empiri-
cal evidence suggests that the negative binomial model remains a good
approximation for helminth numbers per host, even when samples consist
of a mixture of individuals from different age classes of hosts (see Fig. 11).

Given independent estimates of worm and human life expectancy (A
and L), of the degree of parasite aggregation (k), and of the severity of
density-dependent constraints on worm fecundity (z), Eqgs. (61) and (62)
can be used to obtain estimates of R, from age—intensity and age—preva-
lence data. Two examples of the application of this method are displayed
in Fig. 31: one concerns age—intensity data, and the other concerns the
rate at which people reacquire worms after the application of chemother-
apy within a community. Table 8 records estimates of the basic reproduc-
tive rate for a variety of helminths in different geographical locations.

In the estimation of Ry by the method outlined above, it is assumed that
independent estimates of worm life expectancy in man (A) are available.
The estimation of this parameter is beset by obvious practical difficulties
and hence widely quoted values (a summary of these is presented in Table
5) are often no more than guesses, based on qualitative as opposed to
quantitative observations. For example, there is much confusion in the
epidemiological literature between maximum and expected worm life
spans. For the purpose of model construction and analysis, expected life
span is the relevant parameter to describe the survival characteristic of
the parasites in man. Unfortunately, maximum life span is more easily
established on the basis of observations on the release of infective stages
(eggs in faeces) by individuals who are no longer exposed to reinfection.

One way to estimate the life expectancy of worms is to monitor a
sample of infected people, who are no longer exposed to reinfection (and
do not receive treatment which increases the death rate of the worms),
over a long period of time to record the rate at which individuals cease to
show symptoms of infection (i.e., cease to have positive faecal egg counts
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F1G. 31. Age—intensity data for A. lumbricoides within a rural community in Iran (data from
Croll et al., 1982) from which estimates of the basic reproductive rate R, can be obtained. (a)
Changes in intensity with host age; the solid points are observed values and the solid line is
the prediction of Eq. (61). Estimates of the parameters of the model are as follows: Ry = 4.3,
M* =22, A =1y, z=0.96, k = 0.34. (b) The increase in the average worm burden over a
period of 12 months following chemotherapy (at time ¢ = 0) (data from Croll et al., 1982).
The solid points are observed values and the solid line is the prediction of Eq. (61). Parame-
ter values as defined for (a).

or positive microfilarial counts in skin snips). Cessation of symptoms is
taken to imply that the individual is no longer infected. With data of this
kind it is possible to use the simple models detailed in Egs. (60) and (62) to
gain rough estimates of worm death rates. For example, in the absence of
reinfection, the average worm burden in a sample of people, M(t), at time
t from the cessation to infection is simply

M(t) = M(0) exp(—t/A) (63)

Here M(0) is the initial average worm burden at t = 0 and A is worm life
expectancy. The prevalence of infection at time ¢, P(t), within the sample
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TABLE 8
Estimates of the basic reproductive rate Ry for different species of
helminths in different geographical locations

Parasite Ry Country Reference
Ascaris lumbricoides 4-5 Iran Croll et al. (1982)
1-3 Burma Hliang et al. (1983)
1-2 Bangladesh Martin et al. (1983)
Necator americanus 2-3 India Anderson (1980)
Trichuris
trichiura 4-6 Jamaica Bundy er al. (1982)
Schistosoma
haematobium 2-3 Egypt Hairston (1965a)
Schistosoma
mansoni 1-2 Brazil Anderson and May (1982a)
1-2 Egypt Hairston (1965a)
Schistosoma
Japonicum 1-4 Philippines Barbour (1982)
Onchocerca
volvulus 50 Cameroon Dietz (1982a)

9-74  Ivory Coast  Dietz (1982a)

is then given by
P(t) =1 — {1 + [M(0) exp(—t/A)]/k}* (64)

where k is the dispersion parameter of the negative binomial. Note that
for a high degree of parasite aggregation (low k) the average worm burden
M(t) decays much more rapidly than the prevalence P(¢) (Fig. 32). Equa-
tion (64) has three unknowns, namely M(0), A, and £. Nonlinear statistical
procedures can be used to estimate these parameters given the availability
of extensive data which record the value of P(¢) over many time intervals.
An example of the application of this approach to data concerning infec-
tions of the filarial nematode Wuchereria bancrofti is presented in Fig.
33a.

In these circumstances, the initial decline in prevalence is relatively
slow, and depends in a complicated way on the average worm burden and
on the pattern of distribution of worms among the host population. Once
the time elapsed since cessation from exposure is long compared with the
average life span of a worm, ¢t >> A, most hosts harbour either one or no
worms, and Eq. (64) simplifies to the approximate relation

P(t >> A) = M(0)e "4 (65)
Equivalently, this relation has the form

In P == (constant) — t/A (66)
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Fi1G. 32. The decay in prevalence and intensity of infection in man following a cessation in
transmission or exposure to infection. Based on predictions of Egs. (63) and (64) with
parameter values of M, = 100, & = 0.3, & = 0.333 year~!.

Thus a plot of In P against ¢ tends toward a straight-line relationship for
large values of ¢; the slope of this line gives a direct estimate of A. Figure
33b (differing from Fig. 33a in that prevalence is plotted logarithmically
rather than linearly) illustrates these ‘‘two phases’” of decline in preva-
lence: an initial slow and complicated decline and a later straight line
decay. Webber (1975) noted this pattern in his data, but the explanation he
offers is unnecessarily involved.

The agreement shown in Fig. 33a and b between the data and the simple
model is encouraging, because this model (and associated method of esti-
mating A) is crude. Among other approximations, it assumes that the
death rate of adult parasites is age and density independent and that the
degree of parasite clumping (k) is independent of the average worm
burden.

A simplification of the model defined by Eq. (55) can also be used to
approximate changes in the overall mean worm burden M(¢) with respect
to time, where M(¢) is given by

M) = f: M(a.t) L(a) da / f: L(a) da (67)

A crude approximation to temporal changes may therefore be expressed
as

dM)/dt = [M)/ANRS (M), k) — 1] (68)
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F1G. 33. (a) The decay in the prevalence of infection with Wuchereria bancrofti within a
sample of people who were no longer exposed to infection. The solid circles are observed
values (data from Webber, 1975) and the solid line is the prediction of the model defined by
Eq. (64). Parameter values, estimated by a nonlinear least-squares technique, are k = 0.61, u
= 1.1 year-}, My = 39.2. (b) Identical to (a) except the vertical axis is plotted on a logarith-

mic scale.
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where f; is as defined in Eq. (57) with M replaced by M. The equilibrium
average worm burden M* and prevalence P* within the total population
are obtained by setting dM(t)/dt = 0. This gives

M* = [R{**D — 1}k/(1 = 2)] (69)
and
P*=1—[1+ M¥k]™* (70)

Equation (69) makes clear how the parameters Ry, k, and z influence the
overall average worm burden.

For a fixed value of the basic reproductive rate R,, the mean burden
declines rapidly as the degree of parasite aggregation (measured by the
smallness of the value of k) and the degree of density-dependent con-
straints on fecundity (measured by the smallness of the value of z) in-
crease (Fig. 34a). Also note that provided the value of k is constant and
independent of changes in M*, the prevalence of infection declines much
more slowly than the average worm burden (Fig. 34b). It is also clear from
Eq. (69) that Ry must be equal to or exceed unity in value if the parasite is
to maintain itself within the community (M* > 0).

In both simplifications discussed above, the net rate of infection is
assumed to be independent of host age and to depend only on the average
number of transmission stages in the environment of the human commu-
nity. Age-related changes in parasite intensity and prevalence are a fea-
ture of many sets of epidemiological data (see Fig. 35 and Fig. 36). The
force of infection (A) may be related to host age due to a wide variety of
factors including rates of contact with infective stages (or infected vec-
tors), the severity of density-dependent factors (mediated by age-related
changes in host nutrition and/or host resistance to infection), or the de-
gree of worm contagion in different age classes of the population. Ac-
quired partial immunity was thought to be of particular significance for
schistosome and filarial infections (Warren, 1973). Indeed, for schisto-
somes the term concomitant immunity arose, on the basis of laboratory
studies, to denote protection to reinfection despite the presence of ‘‘dis-
guised’’ adult worms within the host (Smithers and Terry, 1969). Today,
the significance of acquired protection to helminth infection in man is a
matter of some controversy. Specifically, for schistosome parasites stud-
ies of rates of human contacts with water suggest that age-related changes
in this variable may explain a substantial proportion of age-related varia-
tion in parasite intensity and prevalence (Warren, 1973, 1981; Dalton and
Pole, 1978).

Although both immunity and contact probably play a role, it is begin-
ning to appear as though age-related changes in the force of infection are
of major significance as determinants of observed epidemiological pat-
terns.
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FiG. 34. The relationship between the mean equilibrium worm burden M* (a) and the
equilibrium prevalence of infection (b) and the degree of parasite contagion (measured
inversely by the negative binomial parameter k) and the severity of density-dependent
constraints on worm fecundity (measured inversely by the parameter z) based on the predic-
tions of Eq. (61) in the main text. Parameter values: R, = 3, A = 1.

A rough guide to the impact of an age-dependent force of infection A(a)
(on age—intensity and —prevalence trends) may be obtained by modifica-
tion of Eq. (60), to give

dM(a)/da = A(a) — M(a)/A (7

This has the solution

M(a) = e~ jo A(u) %A du (72)
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Figure 35 illustrates the changes in M(a) and P(a) [see Eq. (62)] with age,
for an arbitrary chosen function A(a) which initially increases in value
during early childhood but then declines in the older age classes. The
differential rates of decline in intensity and prevalence in the older age
classes are reminiscent of patterns recorded for age-related changes in
schistosome intensity and prevalence (see Fig. 5). This example further
illustrates the dangers inherent in using measures of helminth prevalence
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Fi1G. 35. The impact of an age-dependent force of infection A{a) (in graph a) on changes in
the average worm burden (b) and the prevalence of infection (c) with respect to host age. An
arbitrary function for A(a) is chosen of polynomial form where A(a) = d, + dia + dya* + dya?
+ dsa* (with parameter values: d, = 1.08, d» = 0.011, d; = 0.014, d, = —4.252 X 1074, ds =
3.72 x 107%). The predictions displayed in (b) and (c) are obtained by the numerical solution
of Eq. (72) (with parameter values: A(a) as defined in this legend, k = 0.3, A = 3).
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as an indication of the magnitude of parasite abundance (and hence the
frequency of disease symptoms) within the human community. A specific
example of age-related changes in A(a) for hookworm infections in a rural
community in Taiwan (data from Hsieh, 1970) is displayed in Fig. 36.
Analytical insights into the dynamic properties of the age-structured
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FiG. 36. Age—intensity (a) and age—prevalence (b) curves for hookworm infections in a rural
community in Taiwan (data from Hsieh, 1970). The solid points are observed values and the
solid lines are the predictions of the model defined by Egs. (71) and (72) in the main text
(parameter values: M* = 17.5, A = 2.5y, z = 0.99, k = 0.08). The force of infection A(a) is as
defined in (c) and the observed values (solid points) are well described empirically by the
function (solid line) A(a) = d,(1 — ¢ “2v) where d, = 7 and d» = 0.08.
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model defined at the start of this section [Egs. (55) and (56)] have been
made possible by the consideration of special cases. Analytical treatment
is made difficult if a variety of density-dependent processes operate
within the life cycle of the parasite, and if age-related changes influence
the force of infection. In such circumstances numerical methods can be
employed to generate temporal predictions of age-related changes in para-
site abundance and prevalence; this approach is, however, dependent on
the availability of parameter estimates of the numerous population rates
involved in helminth life cycles. Most importantly, the manner in which
the basic reproductive rate R is estimated from age-intensity and age—
prevalence data depends on the assumptions incorporated into the frame-
work of the model. Future work in this area must focus both on the
question of how sensitive such estimates are to model structure, and on
the design of data collection programmes aimed at improving our biologi-
cal knowledge of density-dependent factors and worm life expectancies.

IX. CoNTROL OF HELMINTH INFECTIONS

A wide range of methods are currently used in attempts to control
helminth infections in human communities. These include chemotherapy,
improved sanitation and hygiene, education, and—in the case of indi-
rectly transmitted parasites such as schistosomes and filarial worms—
vector and intermediate host control. New techniques based on the use of
monoclonal antibodies raise the exciting possibility that vaccination
against human helminths may be feasible in the future.

Chemotherapy is one of the most widely employed techniques and
today safe, effective, and cheap chemotherapeutic agents are available for
the majority of the major helminth infections of man, excluding the filarial
infections (Miller et al., 1974; van den Bossche, 1978; Katz et al., 1979;
Wagner, 1980). However, there remains a need, often unperceived, for a
better understanding of the most cost-effective ways of delivering these
drugs, not at the individual level, but in the community as a whole. Effec-
tive community control of helminths is greatly aided by a sound and
detailed understanding of the factors that regulate parasite transmission
and abundance, and contribute to the frequently observed stability of
their populations (Schad and Rozeboom, 1976; Anderson and May,
1982a).

Mathematical models not only help to improve our understanding of
population dynamics, but also provide a powerful too! for the assessment
and evaluation of different approaches to control. If used sensibly, they
can generate both qualitative and quantitative guidelines for the applica-
tion of specific chemotherapeutic agents. Central to their use is the notion
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of the parasites’ basic reproductive rate Ry, and the concept of a transmis-
sion threshold at the point R, = 1 (below which the parasite is unable to
maintain itself within the human community). In this section we summa-
rize the major principles to emerge from mathematical studies of control;
we concentrate on chemotherapy and vaccination, but also briefly com-
ment on hygiene, sanitation, and vector control.

A. CHEMOTHERAPY

Many of the drugs currently in use to control helminth infections are
extremely effective. Often a single dose, or short course of treatment,
removes more than 95% of an individual’s worm burden (van den
Bossche, 1978; Miller et al., 1974). The central questions in community
control, however, concern the long-term suppression (or eradication) of
infection within a population. How best can this be achieved, given the all
important constraint of limited resources for drug purchase and the re-
markable ability of helminth populations to return rapidly to their precon-
trol levels once chemotherapy ceases? Is the selective treatment of the
more heavily infected individuals of greater benefit to the community
(both in terms of cost and reducing the prevalence of disease symptoms)
than random or blanket chemotherapy?

Some insight into these problems can be obtained by adapting the
models outlined in the previous section to include an extra parasite mor-
tality term to mimic the effects of drug application. We first consider mass
chemotherapy and focus on the long-term effects of different levels of
application. Initially, for simplicity, we adopt the model defined by Eq.
(68); this model ignores age structure and describes temporal changes in
the mean worm burden within the total population, M(t).

If a drug is administered randomly within a population by treating a
proportion g of the community per unit of time and if the drug has an
efficacy k (the average proportion of the worm burden killed by a single,
or short course of treatment), the resulting increase in the per capita death
rate of adult worms, c, is given by (Anderson, 1980):

c=—In(l — gh) (73)

By subtracting the additional death rate due to treatment, cM, from the
right-hand side of Eq. (68), the average worm burden M at the new equi-
librium established by the control program is

M = k(Ro/[1 — A In(1 — gh)}"*+D — D1 - 2) (74)

To eradicate the infection, the effective reproductive rate R (the basic
reproductive rate Ry, modified by the action of chemotherapy) must be
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reduced below unity. To achieve this, the proportion of the population
treated at random per unit of time must exceed a critical value ¢ where

g = {1 — expl(1 — Ro)/Al}/h (75)

To take a specific example, this equation suggests that given a parasite
with Ry and A values of 3 and 1 year™!, respectively, a drug of 95% (h)
efficacy would have to be administered to greater than 91% of the popula-
tion each year. If the value of the basic reproductive rate was as high as 5
(with the same A and A values) then treatment at yearly intervals would
not suffice to achieve eradication. On a monthly treatment schedule, an
Ry value of 5§ would require the treatment of 28% of the population every
month. The relationship between the actual value of ¢ and various values
of Ry and A is displayed in Fig. 37.

The effective application of chemotherapy within a community must
take into account not only the value of the basic reproductive rate R, but
also the stability properties of the parasite population. If chemotherapy
ceases before the mean worm burden falls below the breakpoint level M,
(see Fig. 37), the parasite population will return to its precontrol equilib-
rium level. The rapidity of return will depend on the the magnitudes of the
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F1G. 37. The influence of changes in adult worm life expectancy A and the basic reproductive
rate R, on the value of the critical proportion, g, of the population that must be treated with
anthelmintics per unit of time for parasite eradication. The curves are based upon the
prediction of Eq. (75) (parameter value: 4 = 0.05). Dotted line depicts transmission thresh-
Old, Ro = 1.
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parameters R, and worm life expectancy A, as illustrated in Fig. 38. As
discussed earlier, the breakpoint M, appears to be very low for many
helminths (probably an average worm burden of less than one per host,
given the high degrees of parasite contagion that are observed; see
Table 6).

Treatment, therefore, must be continued at a rate above the critical
value ¢ for a period in excess of the maximum life span of the longest lived
stage in the parasites’ life cycle (invariably the adult worm). This result is
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Fic. 38. The impact of cessation in community chemotherapy on the rate at which the
average worm burden returns to its precontrol level (M*). Two examples are given based on
the numerical solution of Eq. (68) with the addition of an extra mortality rate ¢ to mimic the
action of anthelmintic treatment [see Eq. (73)]. Time-dependent solutions are recorded for
various levels of drug treatment recorded as the percentage of the population treated per
month. The mean burden M* prior to treatment was set at 22 worms and.at time 1 = 0
chemotherapy is administered on a continual basis to varying proportions of the population
for a period of 2 years. After 2 years control ceases. Parameter values: in (a) Ry = 4.3, h =
09, k=057,2=09,A4=1y;(b) R, =86, h=09,7=096 k=057, A=1y. The
simulations are designed to mimic the impact of chemotherapy on the dynamics of A.
lumbricoides.
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not encouraging and argues that eradication by mass random chemother-
apy is not always a practical objective, given the complications induced
by immigration of infected people from communities outside the control
area. Eradication will only be achieved if chemotherapy is applied inten-
sively over long periods of time and this of course will be a costly course
of action. Practical experience substantially supports these conclusions.
Many examples exist in the literature showing that worm burdens rapidly
return to their precontrol levels once chemotherapy ceases (Fig. 31b) and
that treatment must be applied frequently for substantial suppression of
parasite prevalence and abundance (Fig. 39).

On a more practical note, our simple model for the way chemotherapy
acts on the dynamics of parasite populations illustrates a theme that has
emerged in earlier sections: the differential impact of changes in parame-
ter values on the prevalence and intensity of infection. As displayed in
Fig. 40, the equilibrium worm burden, under the impact of control, decays
approximately exponentially as the intensity of treatment increases. The
prevalence, however, remains relatively high until the proportion treated
g approaches the critical value g.

In view of the difficulties of parasite eradication by mass chemother-
apy, a slightly different approach is to aim at disease, as opposed to
parasite eradication. Infection with helminth parasites is not synonymous
with disease symptoms, since the latter invariably tend to depend on the
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FiG. 39. The impact of various chemotherapy treatment intervals on the prevalence of A.
lumbricoides in rural communities in Korea (data from Seo er al., 1980) over a total period of
2 years. All individuals within the populations examined were treated at either 2, 4, 6, or 12
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burden of worms harboured by an individual (Walsh and Warren, 1979;
Warren, 1979, 1981; Davis et al., 1979). If clinical symptoms of disease
within a given community are known to be absent at a specific average
worm burden, say m, then the aim of control may be viewed as the
reduction of M* (the mean burden prior to control) below the critical level
m. If the proportion m/M* is denoted by g, then the proportion g of the
population that must be treated per unit of time to reduce M* below m is
given by

£ > {1 — expl(1 = RoX1 — q)/Al}/h (76)

The successful application of this approach is of course dependent on a
knowledge of the value of m. In practice, due to the highly clumped
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F1G. 40. The impact of chemotherapy (as expressed by g, the proportion of the population
treated per month) on the equilibrium mean worm burden and equilibrium prevalence of
infection. Parameter values: Ry = 4.3, A = ly, k = 0.57, h = 0.9. Based on the predictions of
Egs. (67) and (68) with the addition of an extra mortality term to mimic drug action on
parasite survival [Eq. (73)].
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nature of helminth distributions, m may be a rather low average burden. A
better approach might be selectively to treat the most heavily infected
individuals to suppress symptoms of disease, as opposed to mass random
treatment.

Before considering selective treatment, it is worth noting that the ap-
proach outlined above for random treatment can be generalized to encom-
pass representation of the age structure of the human community. Essen-
tially we return to the partial differential equation mode [Eq. (55)] which
described changes in the average worm burden in age class a at time ¢,
M(a,t), with respect to time and age, and add an extra death rate to
represent the action of chemotherapy. Numerical methods can be em-
ployed to generate time- and age-dependent changes in parasite burden
under the influence of various mass treatment programmes (see Anderson
and May, 1982a; Dietz, 1982a). An example of such projections is dis-
played in Fig. 41. The frequency of drug application can be made to
depend on host age. Often, for example, both symptoms of disease and
worm burdens are most intense within the child segment of the commu-
nity. Aiming the bulk of chemotherapeutic treatment at this segment of
the population is a crude form of selective application (age group target-
ing) (Fig. 42) and may be very beneficial for the suppression of disease
prevalence. The benefits to be gained from this approach, however, de-
pend critically on the distribution of worm numbers among the age classes
within a community. For the example displayed in Fig. 43, representing
the distribution of Ascaris in different age classes of a rural community in
Burma, selective treatment of the 0- to 15-year-old age group would
clearly be of great value (Hlaing er al., 1983).

Anthelmintic drugs are often used intensively over short periods of time
to reduce the prevalence of disease symptoms in a community. Fre-
quently, such applications are given at irregular intervals with relatively
long time periods between successive treatments. The objectives are to
maximize the short-term benefits and minimize the number of treatments
and hence cost. In 1924 Smilie argued that the optimum way to apply
mass chemotherapy was selectively to treat the most heavily infected
individuals. More recently, Warren has refocused attention on this ap-
proach to helminth control (Warren, 1981; Mahmoud and Warren, 1980;
Warren et al., 1978; Warren and Mahmoud, 1976). There are obvious
advantages attached to selective or targetted treatment in terms of cost
and additional benefits accrue if the drug has side effects, or if there are

returns to its precontrol equilibrium level. The human survivorship function L(a) was cho-
sen to mimic typical patterns in the developing world with a life expectancy L set at 50 years.
Density dependence was assumed to act solely on worm fecundity (an exponential decay
function) and the parameter values were set at Ry = 4.3, k = 0.57, 2 = 0.96, A = ly.
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any worries about the evolution of drug-resistant strains of the parasite.
There are many opponents to this approach, however, who argue that the
extra costs involved in identifying the most heavily infected individuals
far outweigh the benefits. In practicai terms ‘‘wormy people’” can be
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Fi1G. 43. The distribution of the percentage of the total population of A. lumbricoides within
different age classes of a rural community in Burma (data from Hliang e al., 1983).

identified by faecal egg counts, urine egg counts, skin snip larval counts,
and blood larval counts, or by noting the occurrence of clinical symptoms
of disease (Mahmoud and Warren, 1980). Egg counts may have a ten-
dency to be unreliable indicators of worm burden, given the observed
density-dependent associations between egg production and worm bur-
dens (see Fig. 21).

Anderson and May (1982a) have recently employed mathematical
models to examine the advantages to be gained from selective treatment
in terms of short-term reductions in worm burden and disease prevalenee.
Consider, for example, the proportional reductions in average worm bur-
den from a precontrol level M* where the probability that an individual
harbours i parasites is defined as p(i), and the probability that he receives
treatment is defined as g(i). Given a drug with efficiency #, the average
number of worms killed per person after selective treatment within a
community is

AM = h ; i p(i) g(i) (77)

Anderson and May (1982a) choose an arbitrary function to define g(i)
gli) = fI1 = (1 — e~ (78)
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with the properties that the constant f and « (both <1) define the upper
and lower bounds on g(i), respectively. The parameter / is a measure of
the selectivity of the treatment. For example, if / = 40, approximately
60% of the individuals with 40 worms receive drug treatment. A continu-
ous function for g(i) is more realistic than a step function, because in
practice there is always considerable uncertainty about the worm burden
harboured by any given individual. The total proportion of the population
treated, g, is given by

§=;anmn (79)

and hence [given the definition of g(i) in Eq. (78)] the average number of
worms killed AM becomes

AM = hf[Z ipi) — (1 — a) 20 i p(i) z"] (80)

i=0

where z = exp(—1/I).

Suppose the parasites are distributed in a negative binomial manner
with clumping parameter k& and probability-generating function II(z),
where

ma=u+Mm—om*=§mnf 81)

Then Eq. (80) becomes
AM = AfM*{1 — z(1 — a)[1 + M*(1 — z2)/k]~*+h} (82)

In the limits I — « and I — 0, denoting extreme selectivity and no selec-
tivity, respectively, we have

AM = hfaM* (83)

o

AM = hfM* (84)

-0
The average proportion treated, g, under the negative binomial assump-
tion is
g=f{1 - -l +1 - 2)M*k™"} (85)

The statistic of greatest practical relevance is the average proportion of
the mean worm burden M* removed (killed) by selective drug application,
AM/M*. Now

AMIM* = ghlG(I,M* k)/H(I,M* k)] (86)
where

GUM* k) =1 = z(1 — a)[1 + (1 — 2)M*/k]~*+D @87
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and
HUM*k)y=1—-(1 - a)[l + (1 — DM*/k]* (88)

Similar manipulations can be performed to calculate the proportional
reduction in the prevalence of infection, AP/P*, and average egg output
by individuals in the population, AE/E* (where P* and E* are the precon-
trol equilibrium prevalence and average egg output; see Anderson and
May, 1982a).

An illustration of the impact of selective treatment with respect to the
quantities AM/M* and AP/P* is presented in Fig. 44 for various assump-
tions concerning the distribution of parasite numbers per host, the total
proportion treated (g), and the degree of selectivity (/). The conclusion to
emerge from this sort of analysis is that selective treatment is highly
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FIG. 44. The impact of selective chemotherapy on the proportional reduction in mean worm
burden, AM/M*, and the prevalence of infection, AP/P*. (a) and (b) depict relationships
between the proportional reduction in average worm burden immediately after a single mass
treatment in a community in relation to (a) the proportion of the population treated, g, and
(b) the degree of selectivity in treatment, /, where the selectivity function is as defined by
Eq. (78) for various assumptions about the distributions of worms in the human population
(that is, various values of the negative binomial parameter, k). Parameter values: [ = 40, a =
0,a=1,h =095 M* = 40; k = 0.5 in (b). Graphs (c) and (d) are similar but denote the
relationships for the proportional reduction in prevalence. Dashed line depicts Poisson
distribution of worms.
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beneficial in terms of the number of treatments administered, provided
the worms are highly clumped in their distribution within the host popula-
tion. In practice, such clumping is indeed the case as reflected by the low
k values recorded in Table 6. For the case illustrated in Fig. 44, where the
selectivity index is set at 40 worms per host, a 50% reduction in average
worm burden is achieved by treating 8% of the population when the
parasites are highly clumped (k = 0.05). If the worms are randomly dis-
tributed (Poisson distribution), a 50% reduction can only be achieved by
treating 50% of the population. There is little benefit to be gained from
being too selective (I large); this is fortunate, given the practical difficul-
ties involved in distinguishing between individuals who carried, say, 50 or
75 worms. Also note that selective treatment acts differently on average
intensity than it does on prevalence. For a fixed level of selectivity, a
greater reduction is achieved in average intensity than in prevalence. This
is in part a consequence of the efficacy of the drug being less than 100%,
but it is also a further example of the tendency of aggregated parasite
distributions to generate small changes in prevalence for large variations
in average worm load.

On theoretical grounds, selective treatment appears highly beneficial.
In practical terms, however, the issue of costs is of major significance. On
the one hand, costs are reduced by the smaller number of drug doses
required to treat selectively. On the other hand, they are increased as a
consequence of the necessity to identify ‘‘wormy”’ people. The relative
importance of these opposing factors can only be assessed by carefully
designed field trials in which the costs of selective treatment are com-
pared in precise terms with the costs of mass or blanket chemotherapy.
Work of this kind remains to be done.

An issue which may tip the balance of the arguments for and against
selective treatment concerns the processes which generate clumped para-
site distributions. A central question is whether or not those individuals
with heavy worm burdens are predisposed to this state, not by chance,
but by genetic, behavioural, or social factors. Indeed, it will be surprising
if such factors are not crucial determinants of parasite distributions. To
take but one example, there is an increasing volume of evidence to sug-
gest that the establishment, fecundity, and mortality of helminth parasites
are all markedly influenced by the genetic strain of the mouse or rat host
employed in laboratory studies (Wakelin, 1978b, 1984).

For helminth infections in man, the answer to this issue is not clear at
present although very recent studies provide some clues. In practical
terms, field research must aim to monitor rates of reinfection following
chemotherapeutic treatment, over a period of a few years, in order to
ascertain whether or not those individuals with heavy worm burdens prior
to treatment on average reacquire more worms than those with light worm
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loads prior to treatment. Ideally, such studies should be based on records
of worm burdens (expulsion chemotherapy), as opposed to indirect mea-
sures (such as fecal egg counts), to eliminate the sampling inaccuracies
known to be inherent in these indirect scores and the problems arising
from their nonlinear associations with worm burden. Epidemiological re-
search on intestinal nematodes, employing expulsion chemotherapy tech-
niques, would appear to have the greatest potential for improving our
understanding of parasite distributions. Work of this nature is currently in
progress, but firm results are as yet unavailable. Additional insights will
emerge when such expulsion and reinfection studies are linked with re-
search in communities with endemic infection on human behavior, immu-
nology, and population genetics.

A recent study (Schad and Anderson, 1985) provides a strong hint that
heavily infected individuals (‘‘wormy persons’’) are predisposed to this
state. The study (on mixed hookworm infections in India) is based on
indirect measures of worm burden (faecal egg counts) before, and at
various periods after, treatment with antihelminthic agents. It yields a
statistically significant positive association (based on nonparametric sta-
tistical rank correlation tests) between pretreatment egg counts in individ-
ual patients and egg counts following a I- to 2-year period of reinfection
(Schad and Anderson, 1985). Predisposition may result from ecological,
genetic, nutritional, social, or behavioural factors, acting either in isola-
tion or in combination. For example, dense populations of infective hook-
worm larvae abound where human faeces are habitually deposited on
loamy soils in warm, moist, and well-shaded sites. Alternatively, social
status or occupation may determine the degree of contact with faecally
polluted soils or water bodies with high concentrations of cercariae. Simi-
larly, behavioural factors, particularly those associated with personal
hygiene and defaecation habits, are likely to play a role in determining
exposure to infection. Aggregated distributions of worm numbers per
person and predisposition may therefore be explained solely on the basis
of transmission-linked factors alone. Such explanations have gained wide
acceptance in the absence of direct evidence for genetically controlled
resistance mechanisms to helminth infection of man. Recent work on
animal models, however, clearly points to the significance of genetic fac-
tors as determinants of susceptibility and resistance mechanisms (Cohen
and Warren, 1982; Mitchell and Anderson, 1982; Wakelin, 1984). It seems
likely that predisposition to heavy infection may arise as a result of a
person’s inability to mount effective responses (specific and nonspecific)
to helminth invasion. Similarly, lightly infected people may have very
effective resistant mechanisms. Ineffectiveness and effectiveness (and all
degrees of responsiveness) are likely to be under genetic control. We
suggest that clumped worm distributions and predisposition arise primar-
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ily as a result of the combined forces of heterogeneity in exposure to
infection and genetically determined host resistance mechanisms.

Analyses of individual patterns of reinfection in patients, however, do
not necessarily provide evidence on the causal mechanisms of predisposi-
tion. Much more research is required to elucidate the underlying mecha-
nisms. Irrespective of this, significant positive associations between
pre- and posttreatment levels of infections have important practical impli-
cations for the planning of drug-based control programmes. Selective or
targetted chemotherapy has many practical advantages if predisposition
turns out to be a widespread phenomenon for helminth infections. Once
identified, treatment could be continually focused on the ‘‘wormy per-
sons,”’ thereby eliminating the necessity of repeated identification at each
round of drug administration.

The recent work of Anderson and May (1982a) is simply concerned
with the short-term benefits (measured as reductions in average worm
load or prevalence) following a single or short course of selective treat-
ment. It is clearly necessary to extend this work to examine the long-term
impact of repeated selective treatment. This is not easy with the hybrid
model employed by Anderson and May (1982a), since the mathematical
framework does not take account of the impact of treatment on the distri-
bution of worm numbers per host. By definition, selective treatment will
act to alter this distribution, tending to reduce the degree of clumping, and
hence a fully stochastic model is probably needed. This type of approach
would enable the probability distribution of worm numbers to be deter-
mined both by the population processes controlling parasite transmission
and by selective treatment.

B. SANITATION, HYGIENE, AND EDUCATION

Excepting the filarial nematodes, the infective stages of most helminth
parasites of humans leave the definitive host via the faeces or urine. The
effective disposal of sewage together with good standards of personal
hygiene are therefore extremely effective forms of parasite control. Edu-
cation clearly plays an important role in the long-term success of such
measures

With respect to the transmission dynamics of the parasite, improved
sanitation acts to reduce the net fiow of infective stages into the habitat
with which man has contact. As such, it serves to reduce the value of the
basic reproductive rate R, of the parasite. A quantitative assessment of
the impact of such measures can therefore be based on observed changes
in the age—prevalence and age—intensity curves of infection. Given the
availability of a suitable model framework (see Section V), the relative
change in the value of the reproductive rate can be determined. Thence an
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assessment can be made of the intensity of control required to reduce Ry
below the transmission threshold. This sounds straightforward in theory
but it is as yet to be attempted in practice.

Common sense dictates that effective sewage disposal provides the
basis for a long-term solution to the control of many helminth infections of
man. Many practical difficulties arise, however, in the implementation of
such measures, primarily as a consequence of inadequate resources and
lack of technical backup for the maintenance of disposal facilities within
developing countries. Chemotherapy, therefore, remains a widely used
and important method for the control of helminth disease.

C. VECTOR AND INTERMEDIATE HOST CONTROL

The notion of a transmission threshold at the point Ry = 1 is of central
importance to control measures based on the reduction of vector or inter-
mediate host abundance. Implicit in the definition of this threshold is the
concept of a critical density of hosts necessary to maintain parasite trans-
mission. For schistosome parasites that are transmitted indirectly be-
tween hosts by free-living infective stages, the idea of a critical density
may be expressed as a product of human density (N,) times snail density
(N;). For example, on the basis of the model defined by Eqgs. (9), (10}, and
(16), for parasite maintenance within the human community this product
must satisfy the following condition:

Riapapis(py + o)

>
NV, NiA2B1 B0 3O

(89)

(Note that the above is an approximate condition based on the assumption
that u, > B, N, and that us > 8, N,.) For parasite eradication (Ry < 1) the
density of snails, N,, must satisfy

wipaptapis(ps + o)
Aix2Bi B0 DN,

It immediately becomes clear from Eq. (90) that this condition is more
easily met if human density is low (N, small). Practical experience has
shown that sustained snail control programmes can substantially reduce
parasite transmission if aimed selectively at the water bodies (in a defined
area) with which human contact is greatest. Eradication, however, is
more difficult to achieve by this approach, due to dynamic complications
associated with the major difference in the life expectancies of the para-
sitic stages in man and in snails. For example, if perfect snail control is
achieved [such that the criteria of Eq. (88) is met], and assuming an adult
worm life expectancy of approximately 3 years, after 5 years of control

N, <

(90)
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roughly 19% of the parasite population present at the start of the pro-
gramme will still be alive (assuming an exponential decay survival func-
tion). If snail control ceases at this point in time, the high reproductive
potential of the intermediate host will result in the rapid recolonization of
snail habitats, and the critical density necessary for parasite transmission
will again be exceeded. Once this occurs (which may only be a matter of a
few months), the remaining population of adult parasites will be sufficient
(since the unstable breakpoint means worm burden is extremely low, due
to parasite clumping) to restart parasite transmission, and the system will
rapidly return to its precontrol equilibrium level (perhaps a matter of a
few years, depending on the degree of suppression in parasite abundance
initially achieved by snail control). In practice, therefore, effective snail
control (R < 1) must be maintained for a period of time greater than the
maximum life span of the longest lived stage in the life cycle (the adult
parasite in man). On these grounds, snail control will only be effective in
the long term if combined in an integrated programme with chemotherapy
aimed at the adult worms in man. Practical experience substantially sup-
ports this conclusion (Jordan, 1977; Jordan and Webbe, 1982).

Similar principles apply to the control of insect vector abundance in the
case of the filarial infections. There is, however, one major difference,
which arises from the concept of a critical host density for parasite main-
tenance. As noted previously, for filarial infections and many other infec-
tions borne by biting arthropods, the vector tends to make a fixed number
of bites on human host. The transmission rate from infected arthropods to
people, and from infected people to arthropods, is proportional to the
biting rate [ of Eq. (43)] times the ratio of vector density to human
density (May and Anderson, 1979). The threshold condition for the filarial
model [Egs. (39) and (40)] is accordingly

Ny () + b))z + by)
—_— > —
N d\dyp*B?

Relative to the product term arising in models of schistosome transmis-
sion, infections transmitted by ‘‘fixed number of bites’’ vectors are easier
to maintain at low population densities of the human host, provided the
ratio N,/N, is sufficiently large. This fact, compounded with the substan-
tial difference in the life spans of infected vectors (a matter of weeks) and
of the adult parasite in man (a matter of years), again suggests that vector
control by itself will not be a practical solution in the long term. Recent
experiences with vector contro! programmes in areas of endemic oncho-
cerciasis in East Africa add weight to this conclusion (see Dietz, 1982b).
Furthermore, the very high values of the basic reproductive rate of
Onchocerca volvulus recorded in endemic areas in Cameroon, Upper
Volta, and the Ivory Coast (see Table 7) suggest that very substantial

Oon
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reductions in vector density are required to induce any marked reduction
in parasite prevalence.

In considering the control of vectors or intermediate hosts, it is impor-
tant to note that host abundances tend to fluctuate markedly on a seasonal
basis, due to climatic factors. The value of R, will therefore also fluctuate
in response to these changes. It follows that some advantages are to be
gained by the application of control measures around the period when R,
is at its seasonal minimum.

D. VACCINATION

Vaccines against helminth infections of humans are not currently avail-
able. Their development, however, is the subject of much current re-
search. We therefore briefly consider the potential benefits to be gained at
the community level from their use. It is worth noting that an effective
vaccine has already been produced to protect dogs from infection by the
hookworm Ancylostoma caninum (Miller, 1978; Clegg and Smith, 1978);
this work, in conjunction with recent advances in the application of mod-
ern biochemical techniques to parasitological problems, argues that vac-
cines against human helminths may emerge in the not too distant future
(Smith et al., 1982; Lloyd, 1981).

The impact of vaccination on the transmission dynamics of helminth
parasites can be mirrored by the addition of an extra equation to models
of population change, to represent an immune class within the human
community. A simple but general conclusion emerges from such modifica-
tions. To eradicate a helminth infection by mass vaccination, the effective
reproductive rate R of the parasite must be less than unity in value. To
achieve this, the proportion p of the population that must be effectively
immunized (assuming immune individuals are uninfected, and are there-
fore not able to produce transmission stages of the parasite) at any one
time must satisfy the following condition:

p>1—(1/Ry) (92)

(see Anderson, 1980, 1982a; Anderson and May, 1982a). If, as seems
likely at present, the vaccine only provides protection to infection for a
period of v years (instead of life-long protection), then the proportion p
that must be immunized per unit of time must satisfy

p > 11— (1/Rg)Jv™! (93)

For example, if the vaccine provides life-long protection against infection
by a helminth with an R, value of 3 (appropriate for hookworm and
Ascaris in endemic areas; see Table 8), it would be necessary to protect
67% of the community by a single programme of mass vaccination (or short
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course of immunization) in infancy. However, if the vaccine only gives
protection for a few years, then a large proportion of the population must
be repeatedly immunized to sustain the necessary level of immunity for
community protection. This point is illustrated graphically in Fig. 45. The
reason for suggesting that any vaccine is unlikely to achieve life-long
protection is associated with the observation that in natural helminth
infections man appears, in general, to be unable to mount a fully protec-
tive immune response to reinvasion (Wakelin, 1978a, 1984; Mitcheli,
1979).

A further complication arises from the observation that, in many areas
with endemic helminth infections, the average age at which children ac-
quire infection (have positive faecal egg counts) is typically between the
ages of 1 and 5 years. In line with recent work on mass vaccination against
viral and bacterial disease, it seems that if eradication is the aim of com-
munity immunization, the average age at vaccination must be less than
that at which the infection is typically first acquired (Anderson and May,
1982b, 1983).

The relative merits of mass immunization when vaccines become avail-
able, compared with chemotherapy, will therefore depend critically on
cost factors, since both forms of control will have to be administered
repeatedly. Finally, it is of interest to note that the general conclusions
outlined above apply equally to the use of devices for the slow release of
drugs which provide protection against infection for a defined period of

1.0;

/ V=1 year

0.81

0.6

V = 2 years

V =5 years

Proportion of the population P,
that must be immunised per year

0 2 4 6 8 10

FIG. 45. The relationship between the proportion of the human community, g, that must be
effectively immunized to eradicate a helminth infection, and the basic reproductive rate R,.
The relationship is based on Eq. (93) and is shown for various values of the duration of
vaccine protection v against infection. Dashed line depicts transmission threshold, Ry = 1.
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time. Technology of this kind is not available for the treatment of hel-
minths of man at present but it has recently been developed for the treat-
ment of intestinal nematode infections in cattle (Jones, 1981).

X. CONCLUSIONS

In the introductory section of this article, we suggested that one of the
major roles for mathematical models in epidemiological research was to
identify areas of inadequacy in the data available for population study.
The models discussed in the preceding sections suggest that there are six
main areas of weakness.

1. Measures of worm aggregation within human communities are of
obvious significance, given their relationship to the prevalence of disease
symptoms and the design of control policies. The number of human hel-
minth frequency distributions documented in the literature is extremely
limited at present, often for understandable reasons (for example, the
habitats of the filarial nematodes and schistosome flukes in the tissues of
their human hosts). In the case of intestinal helminths, however, much
more information could be acquired. One reason for doing so is the re-
markable degree of similarity among the values of those measures of
aggregation that have been made, irrespective of the species of intestinal
nematode or the geographical location of the human community studied
(Table 6). This seems surprising in view of the assumed relevance of
human behaviour and habits as determinants of parasite distributions; one
might expect these factors to vary widely between different communities
and hence to induce variable estimates of parasite aggregation (Dunn,
1976, 1979). Perhaps social conditions and human behaviour are of less
relevance to patterns of aggregation than are genetic factors which control
host responses to infection (Bodmer, 1980).

2. Following on from the theme of parasite aggregation, there is a con-
comitant need to initiate research aimed at improving our understanding
of the factors which generate such patterns. The examination of predispo-
sition to heavy infection is one such approach, but research should also
focus on the association between blood group and HLLA phenomena and
worm burdens, along with behavioural studies of human contact with
infective stages or vectors.

3. Measurement of density-dependent constraints on parasite establish-
ment, survival, and fecundity within the human host is a major priority,
given their significance as determinants of population stability and resil-
ience. At present we know a little about density-dependent fecundity, but
even here our knowledge is inadequate. For example, most studies of the
relationship between worm burden and egg output record the latter quan-



92 R. M. ANDERSON AND R. M. MAY

tity as eggs per gram of faeces (Fig. 21); the appropriate measure, however,
is total egg output per female worm per unit time. The transformation of
eggs per gram to eggs per unit time period requires data on age-related
changes in daily faecal output per person. This information is rarely re-
corded in epidemiological surveys. Our knowledge of density-dependent
factors in worm establishment and survival within man is nonexistent at
present. Unfortunately it is difficult to see how such information could be
acquired except by extrapolation from results obtained within experimen-
tal laboratory hosts.

4. Mathematical models make clear the significance of an overall mea-
sure of transmission or reproductive success (Ry) to observed patterns in
parasite prevalence and intensity. Estimates of the magnitude of the basic
reproductive rate within defined communities are very few at present
(Table 8). More information, however, could be easily acquired from
reinfection data (where both prevalence and intensity are recorded) accu-
mulated over periods of, say, 1-2 years following chemotherapeutic treat-
ment.

5. Age-related changes in the rate at which people come into contact
with infection can have great significance in determining observed pat-
terns of age—prevalence or age—intensity. Quantitative data on these as-
pects of infection are extremely limited, although for schistosomiasis
good data are now becoming available from behavioural studies of water
contact (see Jordan and Webbe, 1982). Similar studies are required for
man-biting habits in the case of vector-transmitted infection, and for con-
tact with directly transmitted helminth eggs or infective larvae. Behav-
ioural work on the latter topic is beset with many practical problems, but
such work is urgently required (Dunn, 1979). Age-related changes in para-
site establishment within man may also be of great importance, but here
too there are obvious difficulties in such investigations. At present it may
be more appropriate to focus on indirect measures of such age-specific
changes; for example, data on the age and size distributions of intestinal
nematodes within different age classes in human communities would be of
great value.

6. Currently our estimates of the life expectancies of adult worms in
man are based more on guesswork than accurate measurement (Table 5).
More information could be acquired from studies of the decay in parasite
prevalence following a cessation in transmission (i.e., movement of peo-
ple out of areas of contact with infective stages). However, ethical prob-
lems arise in work of this nature, because those under observation must
remain untreated for the data to be of value.

In addition to improvements in the epidemiological data base, there is
an associated need for extensions to the mathematical framework cur-
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rently available for the study of helminth transmission. It should be noted,
however, that such needs are probably of lesser significance at present, in
comparison with the inadequacies in the available empirical information.
With this caveat in mind we suggest three areas for further mathematical
study:

a. The estimation of the basic reproductive rate R, from epidemiologi-
cal data is dependent, to a degree, on the assumptions that are made in the
model being used. Work is required on the sensitivity of such estimates to
assumptions relating both to the type and severity of density-dependent
constraints on population growth, and to the significance of heterogeneity
in exposure to infection.

b. Heterogeneity in exposure to infection is also relevant to the dy-
namic properties of mathematical models, due to its role as a determinant
of the distribution of parasite numbers per host. Tractable stochastic
models, whose assumptions generate probability distributions of parasite
numbers per host and which also incorporate heterogeneous exposure,
are clearly a desirable extension to the existing body of theoretical work.

c. Linked to the need for models which generate parasite distributions,
there is an associated need for mathematical work on the impact of selec-
tive treatment on the temporal dynamics of parasite transmission. Tar-
geted chemotherapy clearly has an impact on the distribution of parasites
within human communities. Models are required which treat this distribu-
tion as a dynamic, as opposed to a static, entity.

Finally, we wish to emphasize the belief that simple mathematical
models for helminth transmission can be valuable tools in the design of
policies for parasite control, provided they are used sensibly. The dangers
of oversimplification in constructing models are widely appreciated.
However, there is a converse danger which is less widely understood: the
complexities of helminth life cycles and population behaviour are such that
intuition will not always yield accurate insights into the fong-term conse-
quences of a specific control programme or intervention. The sensible use of
models can help to remedy this situation, provided the construction and
analysis of models are based on collaboration between people who under-
stand the epidemiology and people who appreciate the strengths and
weaknesses of the mathematical methods employed.
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