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MATHEMATICAL MODELS #4123
OF SCHISTOSOMIASIS
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INTRODUCTION

Human schistosomiasis (or synonymously, bilharzia) is a family of diseases caused
primarily by three species of the genus Schistosoma of flatworms. The adult worms
inhabit the blood vessels lining either the bladder or intestine, depending on the
species of worm. The worms are also known as blood flukes.

The worldwide prevalence of schistosomal infections has not been measured
credibly. A figure conventionally cited is 200 million people, or one of every 20
people on the planet. Except for imported cases, the disease is virtually unknown
in the rich countries of the world.

“There is little doubt that all three schistosomes can cause considerable patholog-
ical change, sometimes in a comparatively large proportion of the population, but
the evidence suggests that only a proportion of those so affected die of the disease”
(29, p. 168). The absence of quantitative information from this assessment of the
impact of the infection on health fairly reflects the information available.

Jordan & Webbe (29) review human schistosomiasis. Malek (40) and Hairston
(24) emphasize the ecological point of view. Warren & Newill (59) cite 10,286
references. Some material here is drawn from Cohen (11) and Fine (18).

After sketching the life cycle of Schistosoma mansoni, this chapter reviews mathe-
matical models of schistosomiasis. The bibliography of published works aspires to
completeness through 1976.

LIFE CYCLE OF SCHISTOSOMIASIS

The life cycle of the three major human schistosome species (Figure 1) consists of
an obligatory alternation of sexual and asexual generations. The sexual generation
occurs in man (and sometimes other mammals). The asexual generation must pass
through specific snails. The quantitative estimates in the following refer chiefly to
S. mansoni.
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Figure 1 The life cycle. [From (29), p. 7. Courtesy of the authors and Charles C Thomas,
publisher.]
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Eggs produced by the sexual stage leave people via urine (in the case of S.
haematobium) or feces (S. mansoni and S. japonicum). Eggs that reach water shed
their shells and hatch a ciliated free-swimming stage called a miracidium.

A miracidium that locates a snail within approximately one day penetrates it. If
the snail is of the appropriate species and genotype, the miracidium multiplies
asexually through two larval stages into thousands of cercariae.

Each cercaria that escapes from the snail, starting 4-5 weeks after the initial
infection (6 weeks in S. japonicum), lives approximately 2 days. It swims until it
encounters a skin of suitable warmth and smell. When one of the human schistoso-
mal cercariae enters human skin, it becomes a wormlike “schistosomule.”

A schistosomule of S. mansoni migrates to the lung, sometimes producing a
cough, then appears in the portal system of the liver where it reaches sexual maturity
and mates. Worm pairs then migrate to the blood vessels lining the lower small
intestine and the large intestine.

At this point the couple of worms resemble a hot dog in a roll. The female, 7-17
mm long, lies in the gynecophoric canal of the male, who is 6-13 mm long and
cylindrically shaped to correspond to the walls of their home, a blood vessel. The
forward third of the female’s body is devoted to the uterus, which contains one to
two eggs at a time. The female is estimated to lay from 100 to 300 eggs a day.

Some of these eggs work through the wall of the blood vessel into the lumen of
the intestine. Carried by feces, these eggs again begin the life cycle. The interval from
the entry of cercariae into human skin to the first detectable passage of eggs in the
feces can vary from 4 weeks for S. japonicum to 5 or 6 weeks for S. mansoni and
13 weeks for S. haematobium.

Apart from an occasional aberrant worm that wanders into the wrong organ, such
as the brain or eye, most of the disease caused by the infection results from the eggs
that do not escape with feces. Some of these get stuck immediately in the tissue near
where they are laid, causing fibrosis and granuloma as the host tries to protect itself.
Other eggs get washed to the liver and spleen where they may cause similar damage.

The medicines available to kill the schistosomes in people have so many danger-
ous side effects that they must be administered under medical supervision. They are
costly. They do not protect a person in an endemic area against reinfection. Even
if enough medical personnel were available to treat all the infected population in a
single month, the snail (and sometimes nonhuman mammalian) reservoirs of infec-
tion would persist. The control or eradication of schistosomiasis is a truly ecological,
as opposed to a purely medical or technological, problem.

PROPORTION EVER INFECTED AS A FUNCTION OF AGE

The mathematical models in this section and the next use cross-sectional data about
a population presumed to be in steady state in order to make inferences about the
dynamics of infection in a cohort.

Suppose a cohort is entirely susceptible to infection at some initial time, usually
taken to be birth. Suppose that this cohort is exposed to a constant force of infection
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per unit time. “This force is to be measured in effective contacts per unit time, no
matter how complex may be the events leading up to these contacts” (42, p. 16).
The force of infection @ summarizes the contact between cercariae and people and
the establishment of a detectable infection.

Let N be the number of individuals in the cohort. Let x(#) be the fraction of the
cohort that has never been infected, and y(¢) the fraction that has ever been infected,
by time £ By definition x(¢) + y(¢) = 1. Assume x(0) = 1 and y(0) = 0. Then
Nx(¢) is the number of individuals never infected at time # These individuals are
constantly exposed to a force a of infection. So the change per unit time in the
number Nx(#) of people never infected is d[Nx(¢)]/d¢ = -aNx(¢), or, cancelling
N, assumed constant, dx/d¢ = —ax, x(0) = 1. Similarly, for the number ever
infected, dy/dt = ax = a(l-p), y(0) = 0. The solution is

we)=1- e 1.

Death or emigration will have no effect on the fraction y(), so long as the loss
rate (including death and emigration) is identical for both previously infected and
never infected individuals (7).

If past conditions were constant, and all previéus infections were detected, then
(22) a cross-sectional survey should give a graph of the fraction of people ever
infected as a function of age that looks like equation 1.

Figure 2 takes £ = 0 as 5 years of age. Infections before that age are neglected.
The data are the fractions of people in each age group judged ever to have been
infected with schistosomes on the basis of a skin test. Particularly for the younger
age groups, the fit of equation 1 to the data is reasonable. The discrepancy at the
upper ages is explained as due to an insensitivity of the skin test to previous infection
if the person has not recently been exposed to female cercariae or has no living
female worms.

The numerical value of the parameter @ = 0.12 used in Figure 2 was not obtained
by fitting that curve to those data. The parameter was estimated by fitting another
equation (number 5 below) to different data, from stool examinations, on the same
population. This finding suggests that an incredibly simple mathematical model can
usefully interpret the age distribution of previous infection and provide information
about the dynamics of infection which would otherwise be unavailable.

PROPORTION CURRENTLY INFECTED

Female S. mansoni worms in human beings live an average of 3—4 years; other
species of human schistosomes are comparable (21, p. 52; 29, p. 152). A negative
exponential distribution of length of life for female worms is widely assumed. A
person in whom all female worms have died no longer discharges eggs. (A person
may also no longer discharge eggs because tissue traps the eggs or because living
females are unmated. We ignore these complications.) Hence some individuals
previously infected may pass from currently discharging eggs to no longer doing so.
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Figure 2 The proportions observed positive in response to S. japonicum antigen skin tests
as a function of age in the coastal division, Palo, Philippines. Open circles, 1954; solid circles,
1962. Solid line, prediction from equation 1. [Adapted from (22), p. 172. Courtesy of Nelson
G. Hairston and the World Health Organization.]

Irreversible Loss of Infection

Let us assume that a previously infected person who is no longer discharging eggs
has no risk of reinfection. Let y(¢) (not the same as in the previous section) be the
proportion of a cohort which is currently giving evidence of infection by excreting
eggs. Let z() be the proportion that has been previously infected, but is no longer
passing eggs and has no risk of reinfection. As before, let x(z) be the proportion
which has never been infected. Assuming no death or emigration, x(¢) + y(¢) +
z(t) = 1.

If the cohort is subject to a constant force of infection g, and those individuals
currently giving evidence of infection are now further subject to a constant risk of
loss of infection b, here assumed to be independent of the number of worms or worm
pairs in the host, then under constant conditions the proportions x, y, and z are
described (42) by:

dx/dt = -ax, x(0) =1, 2.
dy/dt = +ax - by, y(0) =0, .
dz/dt = +by, z(0) = 0. 4.

All individuals are uninfected initially. The sum of the derivatives is zero, as it must
be since the cohort does not change size. Then:

y(1) = a(et—e=t)/(a-b), if a = b;

y(t) = ate ™, ifa =0

If death and emigration occur at equal rates in all three fractions of the cohort, the
same equations hold.
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Figure 3 plots y(¢) and the observed proportions with S. japonicum eggs in their
feces by age in the same Philippine population pictured in Figure 2. Hairston (22)
fits equation 5 by the method of moments (42). The annual rate &6 = 0.02 of
becoming negative is not the annual death rate of individual female worms because
(assuming the eggs are not blocked in the person’s tissues) all the females in the
person have to die, without replacement, for the person to stop passing eggs. Lewis
(33) refits the same data by maximum likelihood, with similar results.

The model’s assumption that an individual’s probability per unit time of losing
infection is independent of the individual’s age, immune status, duration of infec-
tion, and worm burden means that the effects of varying other ecological parameters
cannot be calculated. A micro-theory which interprets the model’s parameters
would be useful.

Snails too pass through the stages of being never infected, being infected and
shedding (cercariae, instead of eggs), and (possibly) being no longer infected (53,
55).

Reversible Loss of Infection

Reinfection of previously but no longer infected individuals is observed. At the
opposite extreme from the assumption just made that a loss of infection is irrevers-
ible is the assumption that a person no longer infected is exposed to a risk of infection
identical to that of a person never previously infected.

If, as in the previous model, it is assumed that the instantaneous rates of infection
a and of loss of infection b are constant, then the model is identical to one widely
used for malaria and other diseases (17). All else being constant, this model predicts
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Figure3 Observed age-specific prevalence rates (solid line) and theoretical age-specific preva-
lence rates (dashed line) from equation 5 of human infection with . japonicum in the coastal
division, Palo, Philippines, neglecting transmission before 5 years of age. [From (22), p. 171.
Courtesy of Nelson G. Hairston and the World Health Organization.]



