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

Epidemiological models are used to analyse 8 published data sets reporting age–prevalence curves for trypanosome

infections of the tsetse fly Glossina pallidipes. A model assuming a fixed maturation period and a rate of infection which

is independent of fly age is adequate for Trypanosoma vivax-type infections, explaining 98% of observed variance in

prevalence by site and age, allowing that the rate of infection may be site dependent. This model is not adequate for

T. congolense-type infections and the fit can be improved by allowing (i) the rates of infection to decline with age (although

non-teneral flies remain susceptible), (ii) a fraction of resistant flies, which may vary between sites, (iii) increased mortality

of infected flies and (iv) variation in the maturation period. Models with these features can explain up to 97% of observed

variance. Parameter estimates from published experimental data suggest that all may contribute in practice but that (i)

and}or (ii) are likely to be the most important.
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

The prevalence of mature trypanosome infections of

tsetse flies in the field has been widely reported to

increase with age (e.g. Harley, 1966; Rogers &

Boreham, 1973; Ryan et al. 1982; Woolhouse,

Hargrove & McNamara, 1993; Woolhouse et al.

1994). The shape of the age–prevalence curve

provides information on the biological process

underlying the epidemiology of the host–parasite

interaction (Woolhouse, 1989) and several aspects of

the tsetse–trypanosome interaction may have an

impact on the shape of the age–prevalence curves

reported in field studies. (i) Age-dependent rate of

infection. Several laboratory studies have reported

that rates of infection decline in older flies, e.g. for

T. brucei infection (Jordan, 1976) and Trypanosoma

congolense infection of Glossina morsitans (Moloo &

Shaw, 1989), and several studies have suggested that

teneral flies are most susceptible to infection

(Welburn & Maudlin, 1992), especially with

T. brucei (see Maudlin, 1991). (ii) Differential

susceptibility. Several studies have suggested that

not all flies are susceptible to infection, possibly

reflecting a sex-linked genetic factor or maternally
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inherited rickettsia-like organisms (RLOs) (see

Maudlin, 1991). (iii) Mortality of infected flies. One

study has reported that G.m. morsitans with mature

T. congolense infections suffer increased mortality

(Nitcheman, 1988), and trypanosome infections of

G. longipalpis may result in poorer nutritional

condition (Ryan, 1984). (iv) Variation in maturation

period. This variation has been quantified for T.

brucei and T. congolense infections of G. m. morsitans

(Dale et al. 1995).

Here, age–prevalence data for T. vivax and T.

congolense infections of tsetse from 8 field studies in

sub-Saharan Africa are analysed and the fits of

different mathematical models to these data are

compared, the models representing the different

epidemiological processes listed above. This type of

analysis is intended to aid the interpretation of the

data, indicating which processes are consistent with

the epidemiological evidence and providing quan-

titative estimates of the magnitude of the effects that

would be required to produce observed patterns.



Field data

Age–prevalence data were taken from published

studies of female G. pallidipes aged by ovarian

dissection. Following Challier (1965) 8 ovarian

categories, 0 to 7, were recognized. Studies with

ageing by wing fray only were excluded; although
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Table 1. Summary of data sets

Sample

size

Prevalence (%)

Source Study location (n) Tc-type Tv-type

(a) Woolhouse et al.
(1993)

Zambezi Valley,

Zimbabwe

5690 2±53 3±22

(b) Woolhouse et al.
(1994)

Luangwa Valley,

Zambia

3152 2±98 6±12

(c) Harley (1966) Lugala, Uganda 1445 4±64 25±4
(d) Tarimo et al.

(1985)

Diani, Kenya 2680 4±48 2±72

(e) Tarimo et al.
(1985)

Ukunda and Muhaka,

Kenya

1960 8±62 1±53

(f) Tarimo et al.
(1985)

Simba Hills and

Mwalewa, Kenya

4876 3±81 3±40

(g) Tarimo Nesbitt

et al. (1991)

Lambwe Valley, Kenya 3811 2±26 10±5

(h) Bealby et al.
(1996)

Luangwa Valley,

Zambia

7645 1±05 2±05

Fig. 1. Diagrammatic representation of the

compartmental model described in the main text. W

represents the number of non-susceptible flies, X

represents uninfected, susceptible flies, Z represents flies

with immature infections, and Y represents flies with

mature infections. The fractions of susceptible and non-

susceptible flies at age zero is set by the parameter f.

Susceptible flies become infected at the per capita rate λ.

Infections mature after the period τ. All flies die at the

per capita rate µ. Flies with mature infections suffer an

additional per capita mortality rate α.

wing fray and ovarian ages are correlated in in-

dividual studies (Hargrove, 1990; Bealby, Connor &

Rowlands, 1996), wing fray ageing alone is not

sufficiently reliable for these analyses. In each study

the prevalence and identity of mature infections were

determined by dissection of the mouthparts and

midgut: trypanosomes were classified as T.

congolense-type (trypanosomes present in the mouth-

parts and midgut) or T. vivax-type (mouthparts

only). Some infections were also identified as T.

brucei-type (trypanosomes present in the salivary

glands) but these data are sparse and are not

considered here. Using these criteria 8 data sets from

6 studies of both T. vivax-type and T. congolense-

type infections were identified; details are given in

Table 1. Sample sizes ranged from 1445 to 7645 and

overall prevalences of infection from 1±5 to 25±4%

for T. vivax-type and from 1±1 to 8±6% for T.

congolense-type.

Ovarian categories 0 and 1 are taken to correspond

to 0–8 and 9–16 days old respectively and ovarian

categories 2–7 to correspond to additional intervals

of 9 days from 17–25 to 62–70 days old respectively.

There may be biases in this approach because flies in

the third and subsequent ovarian cycles are allocated

to ovarian categories 4–7 rather than 8–11 and

beyond (Hargrove, 1990). However, the numbers of

flies surviving beyond 70 days is low in at least some

cases (Woolhouse et al. 1993). The effects of any

such bias are discussed below.

Model development

Model structure is shown diagrammatically in Fig.

1. The tsetse population is divided into 4 compart-

ments: uninfected, susceptible flies, denoted by the

variable X ; flies with immature infections, denoted

Z ; flies with mature infections, denoted Y ; and a

compartment representing resistant flies, denoted

W. Uninfected, susceptible flies become infected at

the per capita rate λ, which may vary between sites

and with fly age. Flies with immature infections

become flies with mature infections after a matu-

ration period τ, which may have a variance. All flies

die at the per capita rate µ, and flies with mature

infections may suffer an additional per capita

mortality rate α. Assuming steady-state conditions,

the rates of change of X, Z and Y with respect to fly

age, a, are given by the coupled differential

equations:

dX

da
¯®(λ(a)­µ)X(a)

dZ

da
¯λ(a)X(a)®θ(a)λ(a®τ)

¬exp [®µτ]X(a®τ)®µZ(a)

dY

da
¯ θ(a)λ(a®τ) exp [®µτ]X(a®τ)®(µ­α)Y(a),
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where θ(a) is a step function returning a value of 0

if a% τ and 1 if a" τ. Initial conditions are:

X(0)¯ fN(0) for 0! f%1 where f is the fraction

susceptible to infection and N(0) is the number of

flies born into the cohort ; and Z(0)¯Y(0)¯0.

These equations can be solved to give the fraction

of flies with mature infections at age a, y(a)¯
Y(a)}N(a) where N(a) is the number surviving to

age a and is given by N(a)¯X(a)­Y(a)­
Z(a)­W(a) where W(a)¯ (1®f )N(0) exp [®µa]. In

all cases this gives y(a)¯0 for a% τ. Special cases of

this general model correspond to the different

epidemiological processes of interest here. Six

specific models are considered.

Model 1. Basic model with λ(a)¯λ, f¯1 and α¯0.

This gives:

y(a)¯1®exp [®λ(a®τ)].

Model 2. Rate of infection declines with age.

Different forms of this decline are possible, here an

exponential function is assumed so that λ(a)¯
λ exp [®ba] (where b is the rate of decline of the rate

of infection with age). This gives:

y(a)¯1®exp (®λ

b
(1®exp [®b(a®τ)])*.

Model 3. Resistant fraction, f!1. This gives:

y(a)¯ f²1®exp [®λ(a®τ)]´.

Model 4. A variation of model (3) which allows the

fraction of susceptible flies, f, to vary between sites.

Model 5. Additional mortality of flies with mature

infections, α!0. This gives:

y(a)¯
λ

λ®α exp [(α®λ) (a®τ)]

¬²1®exp [(α®λ) (a®τ)]´.

Model 6. Flies susceptible only at the first feed (taken

soon after birth) with variable maturation period.

Different distributions of the maturation period are

possible, here it is assumed that:

y(a)¯λ
!
²1®exp [®(γa)β]´,

where λ
!

is the fraction of first feeds that results in

infection.

Model fitting

Models (1)–(6) were fitted separately to data for

T. vivax-type and T. congolense-type infections. For

each trypanosome type all data sets were included in

a single analysis, but the per capita rate of infection,

λ, was allowed to vary between data sets. For model

(4) the fraction of susceptible flies, f, was also

allowed to vary between data sets. Fly age was taken

as the mid-point of the range represented by the

ovarian category. However, because preliminary

analysis indicated that the maturation period, τ,

could be up to 17 days, the small number of

infections observed in flies in ovarian categories 0

and 1 were unlikely to have occurred in flies at the

mid-point age. These age categories were therefore

not included for model fitting, although they were

considered in interpreting model fit.

Model fitting was carried out using a weighted

least squares method, DUD in the SAS statistical

package. The fraction of flies with mature infections,

p, in each age class for each data set was weighted

by the reciprocal of the binomial variance, i.e.

1}np(1®p) where n is the sample size (see Williams

& Dye, 1994). Coefficients of determination, R#, are

given as an indicator of goodness-of-fit. F-values are

used to test the statistical significance of the added

parameters in the more complex models, as com-

pared with the basic model.



The age–prevalence curves for T. vivax-type and

T. congolense-type infections obtained from the field

studies are shown in Figs 2 and 3. The fits of models

(1)–(6) to these data are reported in Table 2.

For T. vivax-type infections the basic model

explains 97±8% of the variance in prevalences by age

and site. This model gives a best estimate of the

maturation period of τ¯10±5 days, and estimates of

the rate of infection ranging from λ¯0±053 to

1±1}fly}100 days. None of the models incorporating

additional parameters give a significant improvement

in fit (Table 2A). Model (6) explains 98±1% of the

variance: the estimated probabilities of infection at

the first bloodmeal range from 0±03 to 0±52 and the

estimated values of β and γ correspond to a mean

maturation period of 38±8 with a standard deviation

of 20±3 days.

For T. congolense-type infections the basic model

explains 93±5% of the variance. This model gives an

estimate of the maturation period of τ¯8±0 days,

and estimates of the rate of infection ranging from

λ¯0±028 to 0±33}fly}100 days. In this case the fit is

improved by incorporating additional parameters in

the model (Table 2B). The best model with 1

additional parameter, model (3), gives the fraction of

flies susceptible to infection as f¯0±18, and explains

94±7% of the variance. The models allowing either

that there is additional mortality due to infection,

model (5), or that the rate of infection declines with

age, model (2), also all give significant improvements

in fit over the basic model. It is not possible to

discriminate between the fits of models (2), (3) and

(5). These models give higher estimates of the

maturation period, up to τ¯17±6 days, and higher

estimates of the rates of infection than the basic

model. In each case estimates of individual par-
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Fig. 2. Age–prevalence data for Trypanosoma vivax-type infections of female Glossina pallidipes. Horizontal axes show

ovarian categories 0–7. Vertical axes show prevalence of infection in units of 10% – note different scale on (c). Graphs

(a)–(h) show data from the corresponding studies listed in Table 1.

ameter values should be treated with some caution as

these estimates tend to be correlated. Model (4),

which allows site-specific fractions of susceptible

flies, provides a further significant improvement in

fit over model (3), explaining 97±0% of the variance.

Model (6) explains 94±7% of the variance: the

estimated probabilities of infection at the first

bloodmeal range from 0±02 to 0±17 and the estimated

value of β and γ correspond to a mean maturation

period of 34±2 days with a standard deviation of 13±0
days.

The differences between the age–prevalence

curves predicted by the different models are illus-

trated in Fig. 4. The basic model predicts a near

linear increase in prevalence with age, unless preva-

lences are very high (Fig. 4A). The model with

infection occurring only in the youngest flies and

variance in the maturation period predicts sigmoid

age–prevalence curves (Fig 4B). The model with

a resistant fraction of flies predicts more convex

age–prevalence curves, especially if prevalences are

high (Fig. 4C). The model with additional mortality

of infected flies also predicts more convex curves,

but this also applies when prevalences are low (Fig.

4D); the model with declining susceptibility with

age behaves similarly.
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Fig. 3. Age–prevalence data for Trypanosoma congolense-type infections of female Glossina pallidipes. Horizontal axes

show ovarian categories 0–7. Vertical axes show prevalence of infection in units of 10%. Graphs (a)–(h) show data

from the corresponding studies listed in Table 1.



For T. vivax-type infections the observed age–

prevalence data are well explained by a model which

incorporates only a constant rate of infection and

a fixed period for maturation of the infection. For

T. congolense-type infections, however, there is clear

evidence that the observed age–prevalence curves are

not adequately described by a model assuming a

constant rate of infection and a fixed maturation

period. The curves are significantly convex, which

suggests that at least 1 of the following epidemio-

logical processes is important: (i) declining rate of

infection with age, (ii) a resistant fraction of flies, (iii)

additional mortality of infected flies and (iv) variation

in the maturation period. In principle, it is possible

to distinguish between these because they have

different effects on the shapes of the age–prevalence

curve though, in practice, the data are not adequate

to do so. However, a significantly better fit than all

these models is obtained using the model allowing

the fraction of susceptible flies to vary between sites.

This suggests that site-specific effects, beyond

differences in the rate of infection, are important.

Several caveats should be noted. First, the effect of

classifying any flies in their third or later ovarian

cycle (categories 8–11 and beyond) as being in their

second ovarian cycle (categories 4–7) will be to
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Table 2. Comparison of model fits

(R# is the coefficient of determination. F-values and degrees of freedom refer to the addition of 1 extra parameter to the

basic model, with corresponding P values, except that model (4) is compared to model (3) and has 7 additional parameters

(8 site-specific resistant fractions rather than a pooled resistant fraction). No F-value is calculated for model (6) as this

has a different form from the basic model. The range of estimated λ values is shown, and of estimated f values for model

(4). τ is the developmental period. Additional parameters are defined in Fig. 1. The time unit is 1 day.)

Model R# F (..) P λ¬100 τ³.. Additional parameter(s)³..

A Trypanosoma vivax-type infections

1 0±978 — 0±053–1±1 10±5³1±6 —

2 0±979 2±0 (1,38) "0±10 0±066–1±5 13±3³2±2 b¯0±0099­0±0074

3 0±978 0±3 (1,38) "0±50 0±059–1±3 10±1³2±7 f¯0±88³0±34

5 0±980 2±1 (1,38) "0±10 0±075–1±6 13±4³1±8 α¯0±016³0±011

6 0±981 — 2±9–52 — β¯1±9³0±6, γ¯0±023³0±009

B Trypanosoma congolense-type infections

1 0±935 — 0±028–0±33 8±0³2±4 —

2 0±942 4±6 (1,38) !0±05 0±10–0±94 17±6³1±2 b¯0±044³0±010

3 0±947 8±6 (1,38) !0±01 0±21–4±6 14±5³1±8 f¯0±18³0±02

4 0±970 5±3 (7,31) !0±001 0±86–28 15±9³1±3 f¯0±019–0±26

5 0±942 4±7 (1,38) !0±05 0±068–0±65 15±2³2±6 α¯0±027³0±014

6 0±947 — 1±9–17 — β¯2±8³0±4, γ¯0±026³0±001

A B

C D

Fig. 4. Age–prevalence curves predicted by different epidemiological models. (A) The basic model, model (1), for

Trypanosoma vivax-type infections. Curves correspond to parameter values estimated for each of the 8 field studies

(see Tables 1 and 2). (B) As (A) for model with infection of youngest flies only and variance in the maturation period,

model (6), for T. vivax-type infections. (C) As (A) for model with only a fraction of flies susceptible, model (3), for

T. congolense-type infections. (D) As (A) for model with additional mortality of flies with mature infections, model

(5), T. congolense-type infections.
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reduce the apparent convexity of the age–prevalence

curve, provided such flies have the same or higher

prevalences than true second-cycle flies. This effect

will, of course, be small if the number of flies in

category 8 or above is small, as in at least some of

these studies (Woolhouse et al. 1993). Second, the

best estimates of the maturation periods for both

infection types do not predict any mature infections

in category 0 flies, although several of the 8 field

studies report such infections. This implies variation

in the maturation period, so that some infections do

mature within 8 days or less. Third, the analysis

assumes steady-state conditions. This condition is

met for at least some studies: Woolhouse et al. (1993,

1994) found no change in the shape of the age–

prevalence curves over periods of 12 months or

more. However, non-steady-state conditions, such

as rapidly rising or falling rates of infection, will

affect the age–prevalence curve, leading to increased

or decreased convexity respectively (Woolhouse,

1989). Fourth, model fits are sensitive to the

functions assumed, particularly for the change in

infection rate with age and for the distribution of the

maturation period. Other functions may give better

fits.

The estimated maturation periods for both in-

fection types are consistent with earlier estimates

(Davies, 1977). The estimated rates of infection are

highly variable. Assuming a bloodmeal is taken on

average every 4 days (Rogers, 1988) these correspond

to a successful infection occurring once every 23–472

bloodmeals for T. vivax-type infections and once

every 17–301 bloodmeals for T. congolense-type (for

the best fit model and noting that the rates given in

Table 2B are per susceptible fly), presumably

reflecting variation in the infectiousness of the

vertebrate host population.

Results from experimental studies provide some

independent evidence for distinguishing between

possible models. The parameter estimates for the

model assuming a decline in the rate of infection

with age correspond to a reduction of 50% at 16 days

old and of 90% at 52 days old. This is broadly

consistent with data from Welburn & Maudlin

(1992) showing that non-teneral outbred G. m.

morsitans are only one-third as susceptible to in-

fection as teneral flies. Both these experimental

results and the analysis of field data suggest that

older flies can become infected (Maudlin, 1991). The

parameter estimates for the model assuming ad-

ditional mortality of flies with mature infections

correspond to an additional mortality rate of

0±027}fly}day. Data from Nitcheman (1988) give an

additional mortality rate of 0±007}fly}day, substan-

tially lower but obtained under laboratory condi-

tions. The parameter estimates for the model

assuming infection only in the youngest flies and

variance in the maturation period correspond to a

mean maturation period of up to 34 days with

standard deviation 13 days. In contrast, data from

Dale et al. (1995), in a study designed to test this

model, give mean maturation periods of 12–16 days

with standard deviations 5–6 days, clearly not

adequate to explain the field data by this mechanism

alone. Parameter estimates for the model assuming a

resistant fraction of flies correspond to 18% flies

being susceptible to infection. If the resistant

fraction is allowed to vary between sites a range of

2–26% susceptible is obtained. Resistance may be

associated with genetic factors or with the absence of

symbiotic RLOs; the frequency of RLO infections is

known to be highly variable in the field (Maudlin,

1991). Support for this model comes from an analysis

reporting that the high degree of aggregation of

different T. congolense-type infections in the Zambezi

Valley, Zimbabwe could be explained if less than

10% flies were susceptible (Woolhouse et al. 1996);

the best estimate of the fraction susceptible at that

site from the present analysis is 6±3%.

A full understanding of these epidemiological

processes is necessary to identify the factors deter-

mining the prevalence of infection of tsetse, and

hence of trypanosome challenge to vertebrate hosts.

Which processes are important also influences how

the prevalence is affected by changes in rates of

infection of tsetse resulting from efforts at

trypanosmiasis control. It will not be possible to

predict fully the long-term impact of control

measures without knowledge of the dynamics of

trypanosome infections of tsetse.
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