
389

The development and validation of an age-structured
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SUMMARY

Epidemiological modelling can be a useful tool for the evaluation of parasite control strategies. An age-structured
epidemiological model of intestinal helminth dynamics is developed. This model includes the explicit representation of
changing worm distributions between hosts as a result of treatment, and estimates the morbidity due to heavy infections.
The model is used to evaluate the effectiveness of different programmes of age-targeted community chemotherapy in
reducing the amount of morbidity due to helminth infection. The magnitude of age-related heterogeneities is found to
be very important in determining the results of age-targeted treatment programmes. The model was verified using field
data from control programmes for Ascaris lumbricoides and Trichuris trichiura, and was found to provide accurate
predictions of prevalence and mean intensities of infection during and following different control regimes.

Key words: intestinal nematodes, epidemiological model, age-targeted chemotherapy, evaluation of chemotherapy pro-
grammes, model verification.

INTRODUCTION

Intestinal helminth infections are amongst the most
prevalent of human infections, affecting approxi-
mately one quarter of the world population (WHO,
1987; Bundy, 1990). The scale of morbidity caused
by infections with the most prevalent species, Ascaris
lumbricoides, Trichuris trichiura and hookworms
(Ancyclostoma duodenale and Necator americanus)
may amount to over 100 million (Chan et al. 1993).
Although it has been observed that the prevalence of
intestinal helminth infections drops following im-
provements in sanitation (Yokogawa, 1985), large-
scale improvements in sanitation are not considered
likely in many developing countries in the short term.
Community chemotherapy has been advocated as a
possible immediate measure to reduce the morbidity
associated with intestinal helminth infections (War-
ren et al. 1993; Savioli, Bundy & Tomkins, 1992).
Such chemotherapy programmes have two advan-
tages: the reduction in worm burden and hence
morbidity for the treated individuals and the re-
duction in further infection for all individuals
(treated and untreated) due to the overall reduction
in transmission. The rational planning of chemo-
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therapy programmes requires quantitative infor-
mation on the likely costs and benefits of control.
Since it is not always possible to fully test the control
programmes in the field due to constraints on
resources and time, epidemiological modelling,
coupled with cost-effectiveness analysis, can provide
a quantitative framework which can be used as a
decision tool in conjunction with available data from
field programmes (WHO, 1993).

Epidemiological models of both directly and
indirectly transmitted helminth infections based on
differential equation systems have been in existence
for some time (reviewed by Anderson & May, 1991;
Woolhouse, 1991). However, the computational
implementation of these models presents many
difficulties due to the importance of parasite distri-
butions in determining the dynamics of the system
(Anderson & Medley, 1985; Medley, Guyatt &
Bundy, 1993). Another modelling approach has
sought to incorporate as many epidemiological and
environmental processes as possible using stochastic
microsimulation, as was done for the Onchocerciasis
Control Program (Plaiser et al. 1990; Habbema et al.
1992). Although such models may give more accurate
predictions within the local context for which they
are developed, the empirical manner with which
many processes are incorporated and the large
number of local parameters required as inputs
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suggests that complex simulation models may have
limited applicability when used outside of the
originally intended locality or time-scale.

Recently, a computer-based epidemiological
model to assess community chemotherapy pro-
grammes for intestinal helminths has been developed
(Medley et al. 1993), based on the differential
equation models of Anderson (1980). Novel features
of this new model include a dynamically changing
worm burden distribution which can accurately
reflect the effects of control measures, estimation of
morbidity due to heavy worm burdens and the
linking of the model to a cost-effectiveness analysis
using real cost data (Guyatt, Bundy & Evans, 1993).

In this paper, we describe the development of an
age-structured version of this model for A. lumbri-
coides, T. trichiura and schistosomiasis. For these
species, age-intensity relationships have been con-
sistently observed to be convex (Bundy, 1988;
Anderson & May, 1985). The highest intensity of
infection is generally observed in school-age children
who may also contribute relatively more to trans-
mission due to unsanitary behaviour patterns. These
observations suggest that a child-targeted approach
to chemotherapy may be effective and may also have
an economic advantage because children are more
accessible due to attendance at school (Warren et al.
1993). We develop an age-structured model which
allows the analysis of different strategies of age-
targeted treatment and compare the output of the
model to field data from actual control programmes
for A. lumbricoid.es and T. trichiura.

CONCEPTUAL FRAMEWORK

The helminth life-cycle is conceptualized as a
population of mature worms in human hosts and a
population of free-living infective stages in the
environment. The host population can become
infected by contact with the infective stages and can
contaminate the environment with infective stages.
Unlike the Medley et al. (1993) model, in which
there is only one group of hosts, the current model
divides the host population into two groups: children
and adults (Fig. 1). In the model, there are two
differences between these groups. Children both
acquire infections and contaminate the environment
at a higher rate than adults. For both host groups,
there is an overdispersed worm burden distribution
such that most hosts harbour few worms and a few
hosts have consistently higher worm burdens. These
differential rates of infection acquisition are pre-
served during reinfection after treatment. Mass
chemotherapy is simulated as instantaneous killing
of worms. The coverage and frequency of treatment
can be varied and treatment can be given to the
whole population or to children only. The morbidity
due to helminth infection is assumed to be associated

with the worm burden by using a threshold worm
burden above which morbidity is observed (Guyatt
et al. 1990). The changes in mean worm burden,
infection prevalence and prevalence of morbidity for
both groups can be followed over several rounds of
treatment.

MODEL DEVELOPMENT

The model is based on the basic model for directly
transmitted helminths (Anderson, 1980; Anderson
& May, 1985, 1991) and implemented using the
framework developed by Medley et al. (1993).
Consider the host population divided into n age
groups with the Ith group representing a proportion
nt of the population. The worm population is divided
into mature worms in the hosts and a pool of free-
living infective stages (L). The host groups differ in
two parameters, their contact rate with infective
stages in the environment (/?() and their relative
contribution to the pool of infective stages (A().
These two parameters represent distinct processes.
The contact rate (/?,) is the rate of acquisition of
infection (and subsumes the numerical size of the
group) whereas the contamination rate (A;) is related
to the rate at which the individuals in the group
contaminate the environment with their faeces. The
mean worm burden of each group is denoted Wt. The
model is illustrated for two groups (adults and
children) in Fig. 1.

The rate of change of the mean worm burden of
group i can be represented by the following diffe-
rential equation

(1)

where fi is the mortality rate of the mature worms.
The rate of change of infective stages can be

described by

- L S A 7T*- (2)

where fiL is the mortality rate of infective stages and
/(Wj) is a density-dependent fecundity function
(described below).

Since the life-span of the infective stages is much
shorter than that of the mature worms in the hosts,
the number of infective stages is assumed to be
instantaneously adjusted to the equilibrium level
(L*) (Anderson, 1980) which is given by

(3)

We define the basic reproductive number for each
group (Rm) to be the number of adult female parasites
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Fig. 1. Flowchart to show structure of a 2-age-group
model. The host population is divided into children and
adults with higher rates of infection acquisition and
contamination for children (see text for details).

that arise in the total host population from 1 adult
female in a host of group i in the absence of density-
dependent constraints. These quantities are given by

ft
(4)

The overall basic reproductive number (i?0) for the
whole parasite population is given as (Heesterbeek,
personal communication)

(5)

After substitution of equations 3 and 4 into equation
1, we obtain the following expression for the rate of
change of mean worm burden in group i

dWi

(6)

By setting the differential to zero, the mean worm
burden at equilibrium (W*) for group i is given by

(7)

Note that this is not an explicit expression for the
equilibrium since it appears on both sides of the
equation. The value of the equilibria can therefore
only be solved numerically.

To run the model numerically, it is necessary to
specify the distribution of worms between hosts.
The framework used to calculate the distributions is
based on the model of Medley et al. (1993). To
include the effects of predisposition to infection
(Bundy & Medley, 1992), the host population in each
age group is divided into a number of hosts types, g,
each with a susceptibility factor hig and representing

a proportion o)g of the hosts in group i. The mean
worm burden of hosts of type g in group i is given by
h(g W(. The susceptibility factors and proportions are
drawn from a gamma distribution with worm
burdens within each host type distributed with a
Poisson distribution. This gives an approximation to
a negative binomial distribution at equilibrium
which reflects distributions observed in endemic
communities (Guyatt et al. 1990; Bundy & Medley,
1992).

Given the above parasite distribution and as-
suming a negative exponential density-dependent
fecundity function with parameter, y, such that
fecundity of a worm in a host with worm burden W(

is \te~yW', the overall effect of density dependence in
group i can be given by

/(H5i*;y)=^SA(,a)(,«- (8)

The value of the parameter y (assumed to be the
same for all host groups) can be estimated from the
equilibrium mean worm burden and the basic
reproductive rate by the following iterative equation

= 0 . (9)

The rest of the implementation of the model,
including the simulation of chemotherapy treatment
is identical to that described by Medley et al. (1993).

Morbidity is assumed to be associated with high
worm burdens and a threshold worm burden (7 )̂ is
defined above which morbidity is observed. The
effectiveness of a particular control programme is
estimated by integrating the area between the
morbidity time curve and the equilibrium mean
morbidity level. This quantity represents the mor-
bidity prevented by the control programme.

In this paper, a two-group model, with the groups
representing children (C) and adults (A) is analysed.
Children generally have both a higher rate of
acquisition of infections and contribute relatively
more to further infection; that is, the mean worm
burden and the basic reproductive rate are both
higher in children. Sensitivity analysis is carried out
on the three new parameters in this model, the
proportion of children in the population (77C), the
relative mean worm burdens of adults and children
(represented by the ratio WA/WC, or equivalently,
PA/Pc) a nd t n e relative basic reproductive rates of
worms in adults and children (represented by the
ratio R0A/R0C, or equivalently, A,,/Ac). Using
parameters suitable for A. lumbricoides, the effective-
ness of three age-targeted treatment strategies are
compared: treatment of children yearly, treatment of
children at 6-month intervals, and one population
(children and adults) treatment followed by yearly
treatment of children.

The output of the model is also compared with
data from actual control programmes for A. lumbri-
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Fig. 2. An example of the results of a simulated
chemotherapy programme. The prevalence of morbidity
(estimated as the prevalence of infections with at least
20 worms) is plotted against time. ( ) Child
morbidity; ( ) adult morbidity. Children are treated
at a coverage of 80 % with a drug of efficacy 90 % (drug
kills 90% of worms) yearly from years 1 to 5. Adults are
not treated. The parameter values are, Wc = 10, WA = 7,
Roc = 3, R0A = 1-5, nc = 0-25, /i=\,k = 0-543.

coides in Myanmar (Burma) (Thein Hlaing et al.
1991) and T. trichiura in Montserrat (Bundy et al.
1990).

RESULTS

One example of the results of a simulated age-
targeted treatment programme is shown in Fig. 2. In
this simulation, children were treated during years
1-5 and adults were not treated at all. The figure
shows the initial morbidity levels during the first
year, the effect of the 5 annual treatments, and then
the rebound in morbidity levels over the next 5
years. The morbidity (estimated as the prevalence of
infections with at least 20 worms) is plotted over
time separately for adults and children. When the
treatment occurs, morbidity drops instantaneously
in the children, but then rises again as they become
reinfected. After the last treatment occurs, the
morbidity slowly rebounds to the pre-control level
after about 5 years. After each treatment, morbidity
levels do not increase immediately and may even
decrease initially. This is because of the overall
reduction in transmission caused by the intervention.
The figure also shows that treatment of only children
can result in a significant reduction in morbidity for
the adults. The benefit of the control programme in
terms of morbidity reduction is estimated as the area
between the morbidity curve and the equilibrium
level. The benefit in terms of morbidity reduction is
therefore greater in the children than in the adults.
However, since the total population benefit is the
sum of the benefits of each group weighted by the
population in each group, and the population of
adults is larger than that of the children, the benefit
to untreated adults may be a significant proportion of
the total community benefit of the chemotherapy

o 0-3

0-16

0-14
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0-10

0-1 0-25 10
Proportion children

(B)

0 0-2 0-5 0-7
Adult MWB : Children MWB ratio

Fig. 3. Sensitivity analyses of the morbidity benefit of
chemotherapy programmes to changes in the parameters
of the model. Shaded bars represent the per capita
benefit to children and empty bars the per capita benefit
to adults. The default parameter set is Wc = 10, WA = 7,
Roc = 2, R0A = 2, TTC = 0-25, ft = \,k = 0-543. The
parameters varied in each graph are (A) nc, proportion
of children in population; (B) WA, equilibrium mean
worm burden in adults; (C) R0A/R0C, ratio of
reproductive rates of worms in adults and children.

programme, a quantity which cannot be estimated
from the non-age-structured model.

The benefits of a chemotherapy programme will
depend on the relative contributions of adults and
children to transmission dynamics and community
morbidity. Sensitivity analyses of the benefits to
changes in model parameters relating to this are
shown in Fig. 3. Figure 3 A shows the response of the
benefits to changes in the proportion of children in
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Fig. 4. Total community morbidity benefit for different
treatment programmes plotted as a function of
equilibrium mean worm burden in children (with the
ratio WA/WC kept constant). The strategies are
(1) treatment of children yearly, years 1-5 ( • ) ; (2)
treatment of children every 6 months, years 1-5 ( • ) ;
(3) treatment of adults and children in year 1 and yearly
treatment of children years 2-5 (A)- The default
parameter set is the same as in Fig. 3.

the population. The benefit of age-targeted chemo-
therapy to both children and adults is greater when
the proportion of children is higher. This is an effect
of coverage; when there are more children, a greater
proportion of the population is treated. Figure 3 B
shows the effect on children of changes in the
equilibrium worm burden of adults. As the pro-
portion of the worm population harboured by the
adults increases, the benefits of age-targeted treat-
ment are reduced, since the proportion of the worm
population removed with child-targeted chemo-
therapy is relatively less. Likewise, if the relative
contribution of adults to further transmission is
increased (measured by the ratio R0A/RoC), the
benefit of child targeting to both children and adults
is reduced (Fig. 3C). Different contamination rates
between children and adults may arise because
children have different behaviour patterns and may
be less likely to use sanitation facilities. These
analyses highlight the importance of the scale of age-
related heterogeneities in the effects of age-targeted
treatment. Two factors appear to be particularly
important: the proportion of worms removed by
treatment (changed when nc or WA/WC are varied)
and the reproductive potential of the remaining
worms (changed when R0A/R0C is varied).

The total morbidity benefit associated with dif-
ferent strategies of age-targeted treatment is shown
in Fig. 4. The benefit is plotted as a function of the
general level of transmission in a locality (measured
as the equilibrium mean worm burden in children
with the ratio WA/WC constant) for the default
strategy (yearly treatment of children) and two more
intensive strategies (6-monthly treatment of chil-
dren, and initial treatment of both adults and
children followed by yearly treatment of children

12 15 18 21 24

6 9 12 15
Time (months)

18 21 24

Fig. 5. Validation of model with field data for Ascaris
lumbricoides infection from Thepya village, Myanmar
(Burma). Data have been obtained from a study by
Thein Hlaing et al. (1991) in which children were
treated every 3 months throughout the study period.
Parameters used for the model are the same as reported
in the field study and are: Wc = 7-2, WA = 2-7,
Roc = 1-5, R0A = 1-5, nc = 0-36, /t = 1, k = 0-543. (A)
Prevalence of infection: ( • ) data points; ( ) worm
prevalence from the model; (—) prevalence from the
model corrected to exclude male-only infections
(correction term from Guyatt (1991). (B) Mean worm
burden: ( • ) data points; ( ) model output.

only). For all strategies, intervention in a higher
transmission area is always more effective. However,
the benefit appears to flatten at very high levels of
transmission perhaps due to the inability of the
treatment to significantly reduce levels of trans-
mission. Another observation is that a single initial
treatment of adults and children followed by yearly
treatment of children only, is more effective than 6-
monthly treatment of children at all levels of
transmission. This is because the transmission
potential of the whole population is reduced initially
in the former strategy. In practice, the optimal
strategy will depend on the relative costs of im-
plementation as well as the effectiveness of control.
In particular, the relative costs of treating adults and
children will have a large influence on the choice of
strategy.

The model was validated using data from an
A. lumbricoides control programme in Myanmar
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Fig. 6. Validation of model with field data for Trichuris
trichiura infection from the island of Montserrat, West
Indies. Data have been obtained from a study by Bundy
et al. (1990) in which children were treated every
4 months throughout the study period. Parameters used
for the model are the same as reported in the field study
and are: Wc = 0-3, WA = 0 1 , Roc = 2,RaA = l,
TTC = 0-22, /i = 1, k = 0-3. The graph shows prevalence
of infection over time for children and adults: ( • ) data
points; ( ) model output.

(Thein Hlaing et al. 1991). The study was carried
out in the village of Thepya (267 inhabitants).
Children under 15 years old were treated every 3
months over a period of 2 years. Adults were not
treated during the programme but adults found to be
infected during the population survey at the end of
the programme were given treatment. For model
validation, parameter values are taken from the
original data and the reproductive number (Ro) is
assumed to be equal in adults and children. The
prevalence data are shown in Fig. 5 A. The
prevalences from the model (dashed line) appear to
be higher than those from the data. However, the
data are prevalences of positive egg counts, which
excludes infections with only male worms (female
A. lumbricoides produce eggs even in the absence of
males). Using a correction to exclude male-only
infections (from Guyatt, 1992; Guyatt & Bundy,
1993), gives a much better fit to the prevalence data
(solid line on Fig. 5 A). The model gave a very good
fit to the worm burden data (Fig. 5B) which were
estimated directly by anthelmintic expulsion. Unf-
ortunately, prevalence in adults was not measured
throughout the programme, so it was impossible to
further verify the model for the estimated effect on
adults. Similarly, although the assumption that the
reproductive rate is equal in adults and children
gives a good fit to the data, the possibility that the
reproductive rates are different cannot be excluded
due to the fact that data for adults are not available.

The model was also validated using data from a
T. trichiura control programme on the island of
Montserrat, West Indies (population 11 500) (Bundy
et al. 1990 and Bundy, unpublished data). At least

90 % of children aged 2-15 years were treated every
4 months for over 2 years and, although treatment
was offered to adults, coverage in adults was less than
4% for any treatment and it was assumed in the
model that adults were not treated. After alternate
treatment cycles, infection prevalence was estimated
separately for target and non-target age groups in a
random age-stratified sample of the population.
Parameter values were again taken from the original
data and it was assumed that the ratio of reproductive
numbers {ROA/ROC) w a s 0'5- T h e results (Fig. 6)
demonstrate convincingly that the model is able to
predict the drop in prevalence over time in both the
target and untreated groups.

DISCUSSION

The modelling framework of Medley et al. (1993)
allowed the numerical implementation of the classi-
cal differential equation models developed by
Anderson (1980) and Anderson & May (1985, 1991)
for intestinal helminths. This framework enables the
practical value of different programmes of treatment
by mass chemotherapy to be assessed. The model
differs from more complex simulation models such
as ONCHOSIM (Plaisier et al. 1990), for example,
in that there are only a few input parameters and the
results can be generalized to different environments.
Usually, it will not be possible to assess all the
environmental and epidemiological parameters be-
fore a programme is started, in which case, a general
model such as the one presented here would be
advantageous.

In this paper, the modelling framework of Medley
et al. (1993) has been extended to include age-related
heterogeneities in epidemiology and control. The
analysis of the model shows that the epidemiological
differences between the treated and untreated groups
will have a large influence on the outcome of control.
These differences include the rate of infection and
the rate of contamination of the environment. If the
untreated group harbours a large proportion of the
parasites or makes a large contribution to the
contamination of the environment, targeted treat-
ment may not be an effective strategy. This may
suggest that child targeting is least effective for the
control of hookworm infections (Bundy, 1990)
because hookworm infections are generally more
prevalent in adults than children. Also, for control to
be effective, the treated population should not be a
very small proportion of the whole population. The
results also show that the benefit of treatment to the
untreated group may be a large proportion of the
total community benefit and should be taken into
account when evaluating the effectiveness of a
programme. These analyses highlight the problems
which may result from either modelling the whole
population as one homogeneous unit or modelling
the epidemiology in children as an isolated system.
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The model treats the population in terms of two
age groups of constant size. The advantage of this
approach is that these groups need not necessarily
represent age groups and can be used for other types
of groupings, for example by gender, ethnic origin or
occupation. However, the use of constant groups for
age omits the epidemiological effects of host matu-
ration (transfer between groups). Given that the rate
of maturation is small compared to the total adult
population, and that the life-expectancy of parasites
is relatively short (of the order of 1 year), the parasite
distribution in the adult population can be assumed
unaltered by the influx of children with a different
parasite distribution. Other factors omitted in the
model include worm mating probability, fluctuations
in the population of infective stages, environmental
fluctuations and acquired immunity. However, the
fact that the model performs very well against data
suggests that the quantitative effects of these omitted
factors may not be very important.

Field studies have examined the epidemiological
consequences of age-targeted treatment of children
and observed reductions in adult infection preva-
lence and intensity (Thein Hlaing et al. 1991; Bundy
et al. 1990). The model accurately predicted both
data sets. The data suggest that the contamination
rates of adults and children are about equal for
A. lumbricoides infection in Myanmar and that the
contamination rate of adults is half that of children
for T. trichiura infection in Montserrat. These
relative contamination rates are likely to vary
between different localities but may be similar in the
same locality for different species with the same
transmission route. Although age-intensity curves
are well described (Anderson & May, 1985; Bundy,
1988), rates of contamination have not been well
studied except for a few studies on schistosomiasis
(Farooq & Mallah, 1966; Cheesmond & Fenwick,
1981). Differential rates of contamination may have
a strong effect on the transmission dynamics and
further research is needed on this.

These analyses have several implications for
chemotherapy control programmes. If the epidemi-
ology is modelled without age structure, for example,
by only modelling the child population, one would
tend to neglect the possible benefit to the untreated
age group (adults) and overestimate the benefits to
the treated age group (children). The age-structured
model also highlights the importance of estimating
the epidemiological parameters for both groups in
the prediction of consequences of control. One
parameter which may be important but is rarely
measured is the relative contamination rate
(R0A/R0C). The age-structured model can also aid
the selection of the suitable age group to target.
Preliminary analysis of different age-targeted strat-
egies suggests that an initial population treatment
followed by child-targeted treatment may be more
effective than simply increasing the frequency be-

tween child-targeted treatments, although more
information would be required on the cost impli-
cations of these approaches.

The model here can be expanded in several ways.
One of the most interesting is the inclusion of
explicit subpopulations of parasites. In the current
model, the assumption of a single infective-stage
population implies that the fraction of infective
stages infecting a particular host group, i, which are
produced in host groups is determined by the rate of
infective stage production in host group.;'. However,
this proportional mixing assumption may be overly
restrictive, and infective stages from one host group
may be more or less likely to infect hosts in another
group than would be expected proportionally. Fu-
ture work in this area would develop the conse-
quences of different mixing patterns on the popu-
lation dynamics of parasite and host. In particular,
such a framework would be essential when con-
sidering gene flow through parasite populations, for
example, in the assessment of development of
resistance or in the co-evolution of acquired im-
munity.

The detrimental effects of intestinal helminth
infection have usually been considered as most
important in children of school age due to effects on
both physical (Bundy & Cooper, 1989; Cooper,
Bundy & Henry, 1986; Cooper et al. 1990;
Stephenson et al. 1989, 1990) and mental (Nokes et
al. 1992) development. However, the epidemio-
logical effects of child-targeted chemotherapy are
not simple and have not been analysed quanti-
tatively. This modelling study has presented a
preliminary analysis of the epidemiological conse-
quences of child-targeted chemotherapy and has
suggested some general implications which would
merit further investigation.
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