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SUMMARY

Human populations are often infected with more than one species of parasite, especially in developing countries where
overall rates of parasitism are high. Infections with multiple parasite species may not necessarily be independent within
an individual as physiological, immunological or ecological factors may result in positive or negative associations between
infections with different parasite species. A general framework for estimation of these associations is presented. Data from
over 215000 individuals are analysed and the associations between geohelminth (Ascaris lumbricoides, Trichuris trichiura
and hookworm) and malaria species are investigated. A method is presented for analysing data from multiple communities
and testing whether the associations in different communities are equal. Overall estimates of the associations between
species are obtained for each country and continent where data were available. Associations between geohelminth species
were, in general, found to be positive whilst both positive and negative associations were found between the different
Plasmodium species. There was evidence for significant geographical heterogeneity between the associations. A method for
using these parameter estimates to predict the distribution of multiple infections when only marginal prevalence data are

available is described and demonstrated.
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INTRODUCTION

Simultaneous investigations of multiple parasite
species have often found that single communities
support a variety of parasites (e.g. Petney &
Andrews, 1998), especially in developing countries,
where overall rates of parasitism are high. This may
lead to increased risks of morbidity and mortality for
those individuals who harbour multiple infections.
To maximize available resources it may be ad-
vantageous to consider the impacts of multiple
species control programmes (Bundy et al. 1991). The
successful implementation of such programmes will
require knowledge (or estimation) of the pattern of
multiple infections within individuals.

Studies of multiple parasite species infections
appear in a variety of forms. With prevalence data
from a number of different communities it is possible
to calculate correlations between the prevalence of
different species (e.g. Booth & Bundy, 1992;
Jemaneh, 1998; Brooker, Booth & Guyatt, 1999a).
Such studies provide information as to associations
between the species on a community level. Another
possibility is to consider the correlation between the
intensities of the different species infections within
individual hosts (e.g. Haswell-Elkins, Elkins &
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Anderson, 1987; Holland et al. 1989). Thirdly, it is
possible to cross-classify individuals within a com-
munity according to their infection status for each of
the parasite species present in the community; this
results in frequency data for the number of indi-
viduals with each of the possible infection com-
binations. It is this latter form of data, which
provides insights into associations within individual
hosts, that is analysed here.

In this paper we concentrate primarily on 2 groups
of parasite infections. The first of these are intestinal
helminth infections, for which the study of multiple
infections is particularly relevant. There are approxi-
mately 1 billion people worldwide infected with each
of Ascaris lumbricoides, Trichuris trichiura and hook-
worm, nearly all of them being in the developing
countries and mostly in children (Chan et al. 1994).
Results from a parasite survey of nearly 1:5 million
people in China indicated that among China’s
population of 1:13 billion people there are 531
million people infected with A. lumbricoides, 212
million infected with 7. #richiura and 194 million
infected with hookworm (Hotez et al. 1997). The
proportions of the world population infected with
these parasites remains virtually unchanged over the
last 50 years and the actual numbers infected have
increased greatly (Chan, 1997).

The second type of multiple infections considered
are those concerning the 4 Plasmodium species that
cause human malaria: P. falciparum, P. malariae, P.
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ovale and P. vivax. The most pathogenic of the 4
species, P. falciparum, is frequently found to occur
with P. vivax or P. malariae, and in some situations
infections with all 4 species have been found in the
same host (Purnomo et al. 1999; Snounou et al.
1993; Zhou et al. 1998). Richie (1988) reported a
study that found at least 61:59, of a group of
children to harbour infections with more than 1
species. A number of historical and recent dis-
cussions of the associations between species have
been published (Knowles & White, 1930; Cohen,
1973; Molineaux et al. 1980; Richie, 1988;
McKenzie & Bossert, 1997, 1999), with mixed
conclusions as to the nature of the associations.

The methods presented in this paper extend
previous uses of log-linear models to investigate
associations between species (Cohen, 1973 ; Salem et
al. 1994 ; Booth & Bundy, 1995; Booth, Lii & Tanner,
1996; Booth et al. 1998a; Booth, Mayombana &
Kilima, 19985b; Needham et al. 1998 ; McKenzie &
Bossert, 1997, 1999 ; Brooker et al. 2000). A structure
is provided for the examination of all possible
associations within individuals between an arbitrary
number of parasite species for a single population or
multiple populations. Furthermore, a basis is defined
for testing whether the associations between parasite
species are equal in different communities. This
provides a way of assessing whether there is
geographical heterogeneity amongst the associations
between different species.

A novel use of this model in parasite epidemiology
is the prediction of the number of multiple infections
in a population when only the marginal prevalence of
each parasite species is available. In calculating the
global burden of parasite infections, the positive
associations within individuals are critical because
the assumption of independence between parasite
infections can lead to the underestimation of the
proportion of the population experiencing multiple
infection. The parameter estimates obtained can be
used with an iterative procedure to estimate the
number of double and triple infections in a new
population for which only the marginal prevalences
of each species are known. This procedure is
demonstrated for datasets where only the marginal
totals are available and the results compared to those
that would have been obtained under the assumption
of independence.

MATERIALS AND METHODS
The data

Survey data on the joint distribution of 3 helminths,
A. lumbricoides, T. trichiura and hookworm, were
analysed from 44 populations consisting of more
than 52000 children and 23 mixed-age populations
consisting of over 16000 adults and children. Within
each of these datasets infections with each of the 2
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main human hookworm species (Necator americanus
and Ancyclostoma duodenale) are treated as a single
type of infection. In some cases, infections with
other species were reported; however, individuals
were simply classified according to their status with
each of the 3 helminths considered.

Data on the joint distribution on 2 or more of the
4 malaria species were analysed from 26 populations
consisting of 13000 children and 48 populations
consisting of over 114000 adults and children.

The data sets obtained are listed in Table 1,
together with the country of survey, sample size, age
of study population and species present. In addition
to the datasets concerning geohelminth and malaria
infections, some data on multiple infections with the
2 hookworm species and 2 schistosome species (S.
haematobium and S. mansoni) were analysed.

THE MODEL

Frequency data on the numbers of single and
multiple infections within a population can be
represented in a contingency table and analysed
using log-linear models (Fienberg, 1970; Everitt,
1977). For each population, the probability of
infection with single and multiple parasite species
can be modelled using log-linear regression. The
log-linear regression equations contain parameters
corresponding to associations, which may be esti-
mated by maximum likelihood methods. Hypoth-
eses, such as the equality of associations in multiple
populations, may be tested using likelihood ratio
tests. It should be noted that where the term
association (or interaction) is used, this refers to a
statistical association between the frequencies, as
distinct from a biological interaction between the
parasite species involved. It is this former type of
association that is the subject of the analysis.

Consider the joint distribution of infections with 3
parasites within each of M populations indexed by m
where m =1,..., M. Let I,, I, and I, represent the
infection status for each of these 3 parasites, i, j and
k, such that I, =1 if an individual is infected with
parasite ¢ and I, = 0 if the individual is not infected
with parasite 7, and so on. Let fm:li’,"/r be the number
of individuals in each of the 8 possible infection
categories in population m. Thus, f,, .0 1s the
number of individuals harbouring no infections in
population m and f,,.,,, is the number in the same
population who are infected with all 3 parasite
species.

The log-linear model including 2- and 3-way
associations is of the form:

1Og(fm:1[1jlk) = /['Lm+am:i‘[i+(xm:jlj+a‘m:k‘[k:+lgm:7‘j‘[1?‘[j
+/))m:ilclilk+ﬁm:jk1j1k+ﬁm:ijlcliljlk’

where I; equals 1 if infected with parasite j and 0
otherwise.
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(Symbols used to denote different parasite species reported are as follows: F = Plasmodium falciparum, M = Plasmodium

malariae, O = Plasmodium ovale, V = Plasmodium vivax, A

= Ascaris lumbricoides, T' = Trichuris trichiura, H = Hook-

worm, N = Necator americanus, D = Ancylostome duodenale, Sh = Schistosoma haematobium, Sm = Schistosoma mansoni.

+

indicates a positive association between the species and ~ indicates a negative association. Mixed ages indicates that

the data were collected amongst both adults and children or adults only. * See Knowles & White (1930).)

No. Reference Country n Ages Species  Sig. associations
1 Alonzo et al. (1993) Benin 18512  Children ATH AT*, AH-, TH*, ATH*
2 Daubney & Carman (1928) Kenya 152 Children ATH TH
3 Kinoti (1971) Kenya 740  Children ATH —

4 Brooker et al. (1999b) Kenya 460  Children ATH AT*, TH*

5 Kightlinger et al. (1995) Madagascar 272 Children ATH AH*, TH*

6 Kightlinger et al. (1995) Madagascar 272 Children ATH AH*, TH*

7 March’Hadour et al. (1960) Madagascar 254  Children ATH —

8  Mafiana et al. (1998) Nigeria 1060  Children ATH AT+, AH*, TH*, ATH~
9 Ilardi et al. (1985) Somalia 158  Children ATH TH-

10 Booth et al. (1998a) Tanzania 1539  Children ATH AT*, AH*, TH*

11 Meakins et al. (1981) Tanzania 185  Children AH —

12 Ismid et al. (1981) Indonesia 61  Children ATH AT, AH*, TH*

13 Ismid et al. (1981) Indonesia 50  Children ATH AT*, AH*, TH*

14 Ismid et al. (1981) Indonesia 47  Children ATH —

15 Kan, 1984 Malaysia 232 Children ATH AT+, AH*

16 Kan, 1984 Malaysia 95  Children ATH —

17 Kan, 1984 Malaysia 97  Children ATH —

18 Kan, 1984 Malaysia 123 Children ATH AT~

19  Kan, 1984 Malaysia 296  Children ATH AT

20  Kan, 1984 Malaysia 219  Children ATH AT+

21 Kan, 1984 Malaysia 49  Children ATH AH*

22 Kan, 1984 Malaysia 46  Children ATH —

23 Kan, 1986 Malaysia 318  Children AT —

24 Kan, 1986 Malaysia 170  Children ATH —

25  De Silva & Jayatilleka (1981) Sri Lanka 100  Children ATH —

26  Chen (1964) Taiwan 937  Children ATH AT* AH*, TH*

27  Yokogawa et al. (1983) Thailand 334 Children ATH AH*, TH*

28 Yokogawa et al. (1983) Thailand 323  Children ATH —

29  Yokogawa et al. (1983) Thailand 111 Children ATH —

30  Upatham et al. (1989) Thailand 518 Children ATH AT+

31  Toan (1993) Vietnam 2331  Children ATH AT*, AHY, TH~

32 Toan (1993) Vietnam 3083  Children ATH AT*, AH*, TH*

33 Toan (1993) Vietnam 3096  Children ATH AT-, AH-, TH*

34 Toan (1993) Vietnam 3028  Children ATH AT*, AHY, TH*

35  Toan (1993) Vietnam 3174  Children ATH TH*

36 Toan (1993) Vietnam 5802  Children ATH AH~-

37 Toan (1993) Vietnam 2488  Children ATH AH~-

38  Needham et al. (1998) Vietnam 543  Children ATH AT

39 Dazo (1989) Papua New Guinea 240  Children ATH —

40  Fulmer & Huempfner (1965) USA 52 Children ATH AT

41 Fulmer & Huempfner (1965) USA 186  Children ATH AT+ AH*

42 Fulmer & Huempfner (1965) USA 73 Children ATH AT+

43 Fulmer & Huempfner (1965) USA 180  Children ATH AT

44 Saldiva et al. (1999) Brazil 520  Children AT AT+

45 Meunier et al. (1984) Central African Rep. 3352  Mixed ATH TH*

46 Sturchler et al. (1980) Liberia 690  Mixed ATH AT*, AH*, TH*, ATH~

47  Barbier et al. (1975) Madagascar 261  Mixed ATH AT+, AH*, TH*, ATH~

48  Adeyeba & Dipeolu (1984) Nigeria 283  Mixed ATH AT+, AH*

49  Onadeko & Ladipo (1989) Nigeria 827  Mixed ATH AT*, AH*, TH*, ATH~

50  Udonsi et al. (1996) Nigeria 300  Mixed ATH AT AH*, TH*

51 Ilardi et al. (1980) Somalia 142 Mixed ATH AT+

52 Jancloes & Cornet (1980) Zaire 3056  Mixed ATH AT AH*

53  Booth et al. (1996) China 469  Mixed AT AT*

54 Booth et al. (1996) China 377  Mixed AT —

55  Booth et al. (1996) China 430  Mixed AT —

56  Dhanachand & Anand (1997) India 300  Mixed ATH —

57  Higgins et al. (1984) Indonesia 227  Mixed ATH AT, AH*, TH*

58  Higgins et al. (1984) Indonesia 831  Mixed ATH AT*, AH*
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No. Reference Country n Ages Species Sig. associations
59 Higgins et al. (1984) Indonesia 329 Mixed ATH —
60 Cabrera et al. (1989a) The Philippines 1182 Mixed ATH AT*
61 Cabrera et al. (1989b) The Philippines 569 Mixed ATH AT*, AH*, TH*
62 Kan (1993) Malaysia 319 Mixed ATH AT*
63 Sinniah et al. (1978) Malaysia 150 Mixed ATH AT*
64 Upatham et al. (1989) Thailand 1142 Mixed ATH AT*, AH*, TH*
65 Dazo (1989) Samoa 224 Mixed ATH AT+ TH*
66 Dazo (1989) Vanuatu 457 Mixed ATH AT+, TH*
67 Ferreira et al. (1994) Brazil 407 Mixed AT AT
68 Campbell et al. (1987) Kenya 147 Children FMO FM*, MO*
69 Campbell et al. (1987) Kenya 142 Children FMO FM*, MO~
70 Campbell et al. (1987) Kenya 196 Children FMO FM*, MO*
71 May et al. (1999) Nigeria 230 Children FMO FM*, MO*
72 May et al. (1999) Nigeria 59 Children FMO —
73 May et al. (1999) Nigeria 142 Children FM —
74 Leger et al. (1923) Nigeria 250 Children FMV FM-
75 Bedier et al. (1924) Nigeria 135 Children FMV FM~
76 Knowles & White (1930) Sierra Leone 809 Children FMV FV* MV*
77 Alifrangis et al. (1999) Tanzania 126 Children FMO —
78 Hellgren et al. (1994) Tanzania 163 Children FMO —
79 Thomson et al. (1994) The Gambia 1465 Children FMO FM*
80 Ghbary et al. (1988) Togo 707 Children FMO FM*, FO*
81 Brown et al. (1970) Uganda 2899 Children FM FM*
82 Dorolle (1927) China 643 Children FMV FV-, MV*
83 Perry (1911) India 351 Children FMV —
84 Phillips (1923)* India 645 Children FMV Fv-
85 Aiyer (1924)* India 57 Children FMV —
86 Roy (1926)* India 309 Children FV —
87 Christophers & Shortt (1921) Iraq 76 Children FMV —
88 Lalor (1913)* Myanmar 207 Children FMV FV-
89 Strickland et al. (1988) Pakistan 2891 Children FV —
90 Maitland et al. (1996) Vanuatu 292 Children FV —
91 Maitland et al. (1996) Vanuatu 211 Children FV FV-
92 Maitland et al. (1996) Vanuatu 302 Children FV Fv-
93 Wilding et al. (1995) Gabon 2192 Mixed FMO —
94 Landgraf et al. (1994) Ghana 1048 Mixed FMO FM~-
95 Deloron et al. (1989) Kenya 222 Mixed FMO —
96 Deloron et al. (1989) Kenya 245 Mixed FMO —
97 Deloron et al. (1989) Kenya 253 Mixed FMO FM*
98 Deloron et al. (1989) Kenya 225 Mixed FMO —
99 May et al. (1999) Nigeria 159 Mixed FMO —
100 Trape et al. (1992) Senegal 2465 Mixed FMO FM*
101 Trape et al. (1994) Senegal 8539 Mixed FMO FM*, FO*, MO*
102 Molineaux et al. (1980) Sudan 7026 Mixed FMO FM*, FO*, MO*
103 Molineaux et al. (1980) Sudan 6526 Mixed FMO FM*, FO*, MO*
104 Nhonoli et al. (1974) Tanzania 360 Mixed FM —
105 Nhonoli et al. (1974) Tanzania 450 Mixed FMV FM™*
106 Wilson (1936) Tanzania 3393 Mixed FMV FM*, FV*, MV*
107 Rosenberg & Maheswary (1982) Bangladesh 1093 Mixed FV Fv-
108 Borel & Levanan (1927) China 1253 Mixed FMV —
109 Borel & Levanan (1927) China 1024 Mixed FMV Fv*
110 Stocker (1923)* India 412 Mixed FMV Fv*
111 Banerjea (1930)* India 1519 Mixed FMV Fv-
112 Khambata (1913)* India 112 Mixed FMV —
113 Ramsay (1928)* India 1514 Mixed FMV Fv-
114 Bailey (1928)* India 1068 Mixed FMV FM~-, FV~
115 Purnomo et al. (1999) Indonesia 51 Mixed FMOV —
116 Masterman (1913) Israel 700 Mixed FMV FM~-, FV-, MV~
117 Angus (1919)* Israel 40168 Mixed FMV Fv-
118 Gordon et al. (1991) Malaysia 268 Mixed FMV FVt, MV*
119 Lalor (1912)* Myanmar 151 Mixed FMV FvV-
120 Strickland et al. (1987) Pakistan 2699 Mixed FV FV+
121 Strickland et al. (1987) Pakistan 2643 Mixed FMV —
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No. Reference Country n Ages Species Sig. associations
122 Strickland et al. (1987) Pakistan 2699 Mixed FMV —

123 Carter (1927)* Sri Lanka 11260 Mixed FMV FM~-, FV-, MV~
124 Schuffner (1938) Sumatra 3266 Mixed FMV FV*, MV*
125 Snounou et al. (1993) Thailand 196 Mixed FMOV —

126 Nosten et al. (1991) Thailand 1358 Mixed FV FV-

127 Banchongaksorn et al. (1996)  Thailand 913 Mixed FMV FvV-

128 Zhou et al. (1998) Thailand 548 Mixed FMOV FM-, FV-, MO*
129 Chardamatis (1911) Greece 87 Mixed FMV FM~

130 Treadgold (1918) Macedonia 540 Mixed FMV —

131 Yakimoff (1923) Russia 1638 Mixed FMV —

132 Collins et al. (1988) Papua New Guinea 614 Mixed FMV FV*

133 Mizushima et al. (1994) Solomon Islands 506 Mixed FMV MV*

134 Buxton (1927) Vanuatu 209 Mixed FV —

135 von Esdorf (1912)* USA 87 Mixed FMV —

136 Griffitts (1925) USA 75 Mixed FMV Fv*

137 United Fruit Co. (1925)* Mexico 2742 Mixed FMV FV-

138 Godoy and Pinto (1923)* Brazil 86 Mixed FMV MV*

139 Sulzer et al. (1975) Peru 122 Mixed MV —

140 Sulzer et al. (1975) Peru 125 Mixed MV —

141 Carme (1984) Congo 230 Children ND ND*

142 Hsieh et al. (1972) Liberia 292 Children ND —

143 Hsieh et al. (1972) Liberia 628 Children ND ND*

144 Hsieh et al. (1972) Liberia 644 Children ND —

145 Hsieh et al. (1972) Liberia 446 Children ND —

146 Hsieh et al. (1972) Liberia 1165 Children ND ND*

147 Hsieh et al. (1972) Liberia 1058 Children ND —

148 Udonsi (1984) Nigeria 1623 Mixed ND ND*

149 Sturrock (1966 a) Tanzania 391 Mixed ND —

150 Sturrock (19665) Uganda 343 Mixed ND ND*

151 Ahmed et al. (1996) Sudan 902 Children ShSm —

152 Ahmed et al. (1996) Sudan 1511 Children ShSm ShSm*
153 Ahmed et al. (1996) Sudan 1791 Children ShSm ShSm™*
154 Ahmed et al. (1996) Sudan 1918 Children ShSm ShSm*
155 Lwambo et al. (1999) Tanzania 6897 Children ShSm ShSm~
156 Loum (1974) Tanzania 2498 Mixed ShSm ShSm*
157 Chandiwana et al. (1989) Zimbabwe 58 Mixed ShSm ShSm*
158 Creasey et al. (1982) Zimbabwe 158 Mixed ShSm ShSm*

The inclusion of the [ terms representing
associations allows for the infection with multiple
species to be non-independent. This means that the
presence of 1 species influences the likelihood that
another species will be present. The parameters are
interpreted by considering the odds ratios for
infection with each species. This model corresponds
to the odds ratios of efmii efmi  ePm:irPm:intPm: i
comparing the odds of infection with parasite 7 in
those infected with parasite j only, those infected
with parasite & only and those infected with both
parasites j and k, respectively, to those not infected
by either parasite j or parasite k. Similar inter-
pretations are obtained for the odds of infection with
parasites j and k. Thus, a positive § parameter for the
association between 2 parasite species indicates that
joint infections with those 2 species are more likely
than would be expected under the hypothesis of
independence.

This model can be easily extended to apply to
situations where the joint distribution of more than
3 parasites is of interest, for example multiple species
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malaria infections. If there are N different parasite
species, the model can be expanded to include
higher-order interactions up to the N-way inter-
action. The model containing g-way and lower
interactions contains [(§)+ )+ +(5)] f para-
meters for each population. Maximum likelihood
estimates of the « and f parameters can be obtained
from joint distribution data.

Hypothesis tests

Likelihood ratio hypothesis tests may be performed
within a single population or comparing multiple
populations. Within any population the null hy-
pothesis of independence of infections can be tested.
This is equivalent to testing

HOI:/))m:ij = /gm:ik = ﬁm:]‘k = ﬂm:ijk = 0

For 3 parasite species, the test of independence of
infections has 4 degrees of freedom for each
population and thus has 4M degrees of freedom
when all M populations are tested simultaneously.
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If the model of independence is not a satisfactory
fit, then the most parsimonious model describing the
data can be obtained by assessing the inclusion of the
[ parameters. A step-up model building procedure
can be used. For example, in a population with 3
parasite species, each of the 2-way associations can be
examined individually assuming the others to be
equal to zero; the one which results in the most
significant reduction in the residual deviance is
retained and then the remaining f terms can be
assessed similarly, until the addition of a further
term does not result in a significant improvement.
This procedure is hierarchical in that a 3-way
association is only considered if each of the 2-way
associations are significant.

If more than 1 significant association is found, it
may be of interest to test whether the different
terms can be assumed to be equal, either within a
single population or between multiple populations:

Hozt/))m:szlgm:ik,zﬂm:jk vm

If this hypothesis were true, this could be interpreted
as indicating that the presence of infection with
species 7 or j had equal effects upon the probability of
concurrent infection with species k and similarly for
the other combinations.

For multiple populations, it is possible to test the
hypothesis that the  parameters are equal for all M
populations. For a model with 2- and 3-way
interactions, this hypothesis may be written as:

H‘:{ﬂm:i]’:ﬁij Vi+1; Yim
o ﬂm:i]‘kzﬁ’i]‘}c Vii; k+1,7; ’

where 7, j, k=1,..., N.

For example, to test whether all f could be

assumed to be equal within m different communities

m:ij

a model including m separate parameters f,
Bs.i» -+ Pm.iy can be compared to a model containing
a single ;; parameter which was assumed to be equal
in each of the m populations. Under the null
hypothesis, the difference in residual deviances will
follow a chi-squared distribution with m—1 degrees
of freedom.

Estimation of the joint distribution of infection in a
population with known infection prevalences

Given only the marginal prevalence of each species,
it is possible to estimate the joint density of parasite
infections in a population based on the estimates of
the associations between the parasite species. For
illustration of this method the number of parasite
species present in the population is assumed to be
equal to 3. The joint density can be obtained using
the following updating estimation procedure.
Define the marginal prevalences of infection with
parasites 7, j and k in population m by 7 m and

...+ respectively. Thus 7,,..,

m:i+ mij+

is the proportion of
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individuals infected with parasite 7, either as a single
infection or in combination with other infections.
Define m,,.,;.,. to be the probability of joint
infection with parasites ¢, j and k and 7, ,,;,,_ to be
the probability of joint infection with parasites ¢ and
7 but the absence of infection with parasite k, and so
on.

The first stage of the procedure is to calculate the
joint probabilities of infection under the assumption
that infections with different parasite species are
independent. For example, estimate 7, .., by
multiplying the unconditional probabilities 7,,.,,,

m,.;+and 7, ... and estimate 7, ;_;,,, by multiplying
the unconditional probabilities (1 -, ,.), 7,,.;, and
. ee, and so on.

The estimate for a,, .; is obtained by expressing the
probability of infection with parasite 7 in terms of the
conditional probabilities of infection with parasite ¢
given the infection status with parasites j and k.

This is equivalent to equating 7,,.,, and

e¥m:i e“m:frﬁm ij

—_— . .t T, ..
1 efmei MUTE= T 4 ety M=
e[xm:i+ﬂ

7,
1+e“m:i+/’)mzik m:ij—k+

m:ik

e%m: ithm: 1',j+/;m ikt ijk

+ Mo
1 4 e*m:itPmzigtBmcir P~ M ITEE

where j+ ki 7

T and 7

is obtained by summing
et — e mii—j—p—> as obtained in the first
instance under the assumption of independence. The
estimates for a,,.; and «,,., are obtained in a similar
manner. The joint probabilities are re-estimated
using this new estimate of a and the current
estimates of 7 m

m:j—k—

m:i

T and 7

m:j—k—> m:j+k—> m:j—k+
This cycle is repeated until convergence.

This method is demonstrated by using the par-
ameter estimates for each country to estimate the
numbers of multiple infections for each dataset
within that country. These estimates are compared
to the observed values and also to the values that
would be obtained under the assumption of in-
dependence. The method is also applied to datasets
where the joint distribution is not specified, but the
observed numbers with zero, 1, 2 or 3 infections are

given.

m:j+k+*

RESULTS
Parameter estimates

Initial analyses were conducted separately for each of
the study populations listed in Table 1. A y? test was
conducted for the null hypothesis that the infections
were independent. Data in 107 of the 158 datasets
analysed were inconsistent with this hypothesis.
The next stage of the analysis was to determine
which of the 2-way or higher order associations were
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Table 2. Results of combined analyses for country and continent for datasets collected amongst (A) children only and (B) both adults and children reporting
mixed infections with the 3 geohelminth species
(The parameter estimates and their 95 9%, confidence intervals are shown, together with the residual deviance and the P-value assessing the goodness-of-fit of the final model.)

Area Datasets n Bar Bau Bou Baru ha D.F. P

(A) Benin 1 18512 043 (0-26:0:60) —0-44 (—0-55: —0-33) 11-72 2 0-003
Kenya 24 1352 0-78 (0-54:1-02) 0-78 (0-54:1-:02) 67-33 11 <0001
Madagascar 5-7 798 1-13 (0-80:1-46) 1-13 (0-80:1-46) 17-28 11 0-10
Nigeria 8 1060 2:91 (2:38:3-43) 2:91 (2-:38:3-43) 496 (3-88:6:03) —541 (—6:56: —4:25) 0-99 1 0-32
Somalia 9 158 —117 (—1-85: —0-50) 479 3 0-19
Tanzania 10-11 1724 0-68 (0-06:1-30) 0-35 (0-06:0-64) 136 3 0-72
Africa 1-11 23604  0-51 (0-37:0-65) —0-28 (—0-38: —0-18) 0-24 (0-08:0-39) 0-50 (0-29:0-70) 369:39 37 <0001
Indonesia 12-14 158 071 (0-11:1-31) 0-71 (0-11:1-:31) 0-71 (0-11:1-31) 8:56 11 0-66
Malaysia 15-24 1645 098 (0-74:1-23) 0-98 (0-74:1-23) 77-85 39 <0001
Sri Lanka 25 100 541 4 0-25
Taiwan 26 937  2:32(1-97:2:67) 2:10 (0-90:3-30) 1-18 (0-54:1-82) 1-33 1 0-25
Thailand 27-30 1286  0-53 (0-:30:0-76) 0-53 (0-30:0-76) 39-08 15 <0001
Vietnam 31-38 23545  0:30(0-19:0-40) 0-82 (0-75:0-90) 53542 30 <0001
Asia 12-38 27671  0-57 (0-48:0-66) 0-84 (0:76:0-91) 88436 110 <0-001
Oceania 39 240 1-49 4 0-83
N. America 4043 491 171 (1:35:2:07) 1-71 (1-35:2-07) 1-71 (1-35:2-07) 19-86 15 0-18
S. America 44 520 0-88(049:1-26) n/a n/a n/a 0 0

(B) Central African Republic 45 3352 0-89 (0-42:1-37) 179 3 0-62
Liberia 46 690  1-53 (0-85:2:21) 0-58 (0-23:0-93) 0-58 (0-23:0-93) —3:44 (—4-80: —2-08) 0-02 1 0-88
Madagascar 47 261 3-58(2:97:4-18) 3-58 (2:97:4-18) 3-58 (297:4-18) —3:58 (—4-18: —297) 328 3 0-35
Nigeria 48-50 1410 1-62(1-23:2:02) 1-42 (1-02:1-82) 3:04 (2:50:3-57) —2:59 (—3-22: —1-96) 97-01 8 <0001
Somalia 51 142 1:57 (0-14:3-01) 2:37 3 0-50
Zaire 52 3056 0-31(0-19:043) 0-31 (0:19:0-43) 0-19 3 0-98
Africa 45-52 8911  0-39(0-30:0-47) 0-39 (0-30:0:47) 0-75 (0-59:0-90) 362:09 30 <0001
China 53-55 1276 046 (0-:06:0-86) n/a n/a n/a 271 2 0-26
India 56 300 91-04 4 <0001
Indonesia 57-59 1387 044 (0-27:0:60) 0-44 (0-27:0-60) 1-04 (0-75:1-33) 992 10 0-45
Philippines 60-61 1751 1-19(0-96:1-41) 0-77 (0-48:1-006) 0-77 (0-48:1:006) 16:30 6 0-01
Malaysia 62—63 469  1-14 (0-75:1-52) 871 7 0-27
Thailand 64 1142 1-51(1-26:1-77) 077 (0:19:1-34) 1-51 (1-26:1-77) 3-02 2 0-22
Asia 53-64 6325  1-00 (0-89:1-11) 0-56 (0-38:0-75) 1-00 (0-89:1-11) 173-83 37 <0001
Samoa 65 224 144 (069:2:18) 1-44 (0-69:2-18) 1-30 3 0-73
Vanuatu 66 457  1-23(0-88:1:59) 1-23 (0-88:1-59) 1-46 3 0-69
Oceania 65-66 681  1-27(0:96:1-59) 1-27 (0-96:1-59) 3-00 7 0-89
S. America 67 407 141 (0-87:196) n/a n/a n/a 0 0
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Fig. 1. Estimated values of f,,, and their 959, confidence intervals for the countries in Table 2(B) with estimable

3-way interaction terms.

significant in each population and thus obtain the
most parsimonious model describing the data. The
results of these analyses are presented in Table 1.
Where a significant association was found, the sign of
that association is indicated.

For the geohelminth species, the data in 48 of the
65 populations were inconsistent with the null
hypothesis of independent infections. In 40 of the
populations a significant interaction between A.
lumbricoides and T. trichiura was found; in all but 2
populations this association was positive, indicating
that double infections with A. lumbricoides and
T. trichiura were more likely than would be expected
under the assumption of independence. Significant
pairwise interactions between A. lumbricoides and
hookworm and between 7. trichiura and hookworm
were also common and generally positive. Evidence
for a 3-way association was found in 5 cases.

Of the 73 datasets concerning multiple species
malaria infections, significant between-species asso-
ciations were found in 45. The signs of the
associations between malaria species were much less
consistent. Of the 22 significant associations found
between P. falciparum and P. malariae, 14 were
positive. Associations between P. falciparum and P.
vivax were in general negative (17 out of 26
significant associations). Associations between P.
malariae and P. vivax were less common and in
general positive. P. ovale and P. vivax were present
together in just 3 of the datasets and in none of these
cases was there a significant interaction between the
two species. There was no evidence in any case for a
significant 3- or 4-way association.

The next stage of the analysis involved grouping
the datasets according to the country in which they

https://doi.org/10.1017/50031182001007272 Published online by Cambridge University Press

were collected and the age of the study population;
datasets collected amongst children only were
analysed separately from those collected amongst
both adults and children. For each of these groups of
multiple populations the data were analysed with a
to obtaining the best estimates for the
associations in each setting. Countries were grouped
according to continent and estimates obtained for
each continent in which data were available. Where
more than 1 f parameter was significant, equality of
the f terms was tested for.

Table 2 shows the results of these grouped analyses
for the 3 geohelminth species. In interpreting these
results it must be remembered that those individual
datasets with the greatest sample sizes will have the
biggest influence on the grouped estimates. Those
settings in which the final model provides a sat-
isfactory fit to the data are those in which there is no
significant heterogeneity amongst the associations in
the individual datasets. For example, amongst the 3
datasets collected in Indonesia (12-14, Table 1)
there is no evidence for variation in each of the £
parameters between the 3 communities and further-
more the hypothesis that each of the associations is
equal in value cannot be rejected. Overall, the
strongest observation from these tables is that
concerning the association between A. lumbricoides
and 7. trichiura; although the association is of
varying size in different settings, it is in all cases
positive. A negative association is observed between
A. lumbricoides and hookworm in children in Africa,
but this association is otherwise positive. With the
exception of 1 community in Somalia, the association
between Trichuris and hookworm was positive for
each country and continent.
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Table 3. Results of combined analyses for country and continent for datasets collected amongst (A) children only and (B) both adults and children reporting
mixed infections with the 4 malaria species
(The parameter estimates and their 959, confidence intervals are shown, together with the residual deviance and the P-value assessing the goodness-of-fit of the final model.)

Area Datasets  n Bru Bro Prev Paro Parv X D.F P

(A)

Kenya 68-70 485 1-75 (0-94:2-57) n/a 1-:03 (0-15:1-91) n/a 1814 10 0-05
Nigeria 71-75 816 —0-81(—122:—-041) 278 (1:93:3:63) 90-83 15 < 0-001
Sierra Leone 76 809 n/a 2:56 (0-29:4-83) n/a 2:94 (0-61:5-26) 0-88 2 0-64
Tanzania 77-78 289 n/a n/a 3-89 8 0-87
The Gambia 79 1465 075 (0-14:1-35) n/a n/a 2:39 3 0-50
Togo 80 707 0-69 (0-15:1:23) 0-69 (0-15:1-23) n/a n/a 225 3 0-52
Uganda 81 2899 1-18 (0-69:1-66) n/a n/a n/a n/a 0 0

Africa 68-81 7470 0-34 (0-10:0-57) 1-52 (0-81:2-22) 1:22 (0-77:1-68) 193-24 47 < 0-001
China 82 643 n/a —1-86 (—249: —124) n/a 1-29 (0-80:1-79) 100-01 2 < 0-001
India 83-86 1362 n/a —1-18(—1-82: —0-54) n/a 17-44 12 0-14
Iraq 87 76 n/a n/a 17-46 4 0-002
Myanmar 88 207 n/a —174 (—2:96: —052) n/a 19-01 3 < 0-001
Pakistan 89 2891 n/a n/a n/a n/a 2:25 1 0-13
Asia 82-89 5179  —3-30(—430: —230) n/a —0-88(—114: —0-63) n/a 87-64 24 < 0-001
Oceania 90-92 805 n/a n/a —195(—281: —1-09) n/a n/a 9-09 2 0-011
(B)

Gabon 93 2192 n/a n/a 377 4 0-44
Ghana 94 1048  —0:60 (—1-14: —0-06) n/a n/a 0-24 3 0-97
Kenya 95-98 945 2:03 (1-16:2-91) n/a n/a 3472 15 0-002
Nigeria 99 159 n/a n/a 7-05 4 0-13
Senegal 100-101 11004 1-76 (1-58:1-94) 1-00 (0-70:1-29) n/a 1-05(0-86:1-24) n/a 9-30 5 0-098
Sudan 102-103 13552 1-73 (1-61:1-86) 1-:07 (0:77:1-37) n/a 0-69 (0-42:095) n/a 31-05 5 < 0-:001
Tanzania 104-106 4203 1-46 (1-23:1-69) n/a 1:95 (1:47:2-43) n/a 1-80 (1:47:2-13) 14-26 6 0-027
Africa 93-106 33103 1-61 (1:52:1:70) 1-03 (0-82:1-23) 1-93 (1-45:2:40) 093 (0-78:1-08)  1:77 (1-44:2:09) 18191 48 < 0-:001
Bangladesh 107 1093 n/a n/a —5-:08(—5-58: —458) n/a n/a 0 0

China 108-109 2277 n/a n/a 11-28 8 0-19
India 110-114 4625 —116(—1-68:—-0:64) n/a —1-81(—211: —1-50) n/a —1-86 (—3-30: —0-42) 3422 14 0-002
Indonesia 115 51 1228 11 0-34
Israel 116-117 40868  —3-22 (—424:—220) n/a —1-82(—2:00: —1-65) n/a —2:27 (—3:69: —0-85) 1-29 5 0-94
Malaysia 118 268 n/a 0-96 (0-14:1-78) n/a 0-96 (0-14:1-78) 1-59 3 0-66
Myanmar 119 151 n/a —129(—2-12: —0-33) n/a 2:82 3 0-42
Pakistan 120-122 7352  n/a n/a n/a n/a 7-45 3 0-06
Sri Lanka 123 11260 —1-13(—1-51: —0-75) n/a —1-13(—1-51: —075) n/a —1-13 (—1:51: —0-75) 5-87 3 0-12
Sumatra 124 3266 n/a 0-59 (0-20:0-97) n/a 1-04 (0-56:1-51) 1-31 2 0-58
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Table 3 (cont.)

Area Datasets  n LBrent Lro  Prv Lo By x> D.F P
Thailand 125-128 3015 —094 (—1-37: —0-50) —122(—148:—-095) 147 (0-09:2-86) 41-33 24 0-015
Asia 107-128 74226 —0-85(—1:06: —0-63) —173(—1-84: —-162)  1-84 (0-51:3-17) —0-38 (—0:60: —0-16) 80642 87 < 0-001
Greece 129 87 —1:04 (—197:-010) n/a n/a 317 3 0-37
Macedonia 130 540 n/a n/a 3-70 4 0-45
Russia 131 1638 n/a n/a 624 4 0-18
Europe 129-131 2265 —1-04(—197: —0-11) n/a n/a 13-00 11 0-29
Papua New 132 614 n/a 0-99 (0-:36:1-62) n/a 378 3 0-29
Guinea

Solomon Islands 133 506 n/a n/a 3-44 (1-38:5-50) 5-47 3 0-14
Vanuatu 134 209  n/a n/a n/a n/a 0-011 1 092
Oceania 132-134 1329 n/a n/a 1-81 (0-97:2:66) 24-18 8 0-002
USA 135-136 162 n/a 1-03 (0-14:1-92) n/a 2:65 7 0-92
Mexico 137 2742 n/a —114(—-159:—-068) n/a 9:05 3 0-03
N. America 135-137 2904 n/a —073(—109:—027) n/a 30-90 11 0-001
Brazil 138 86 n/a n/a 2:92 (1-20:4-63) 2:42 3 0-49
Peru 139-140 247  n/a n/a nj/a n/a 334 2 0-19
S. America 138-140 333 n/a n/a 16-44 6 0-012
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Multiple species infections

Clearly, even if an estimated parameter is judged
not significantly different from zero, it is still possible
that a true effect exists. For example, consider the
estimated country-specific 3-way interaction terms,
Larn, presented in Table 2(B). Whilst only 3
countries (Liberia, Madagascar and Nigeria) are
judged to have significant effects, only 5 of the 10
countries with estimable 3-way interaction terms
could reject the null hypothesis that £ ,,, was equal
to —1, whereas 9 of the 10 countries with estimable
3-way interaction terms could reject the null hy-
pothesis that £ ,,, was equal to 1 (Fig. 1).

Table 3 shows the results of the grouped analyses
for the malaria species data. It is much harder in this
case to draw consistent conclusions; even for
countries belonging to the same continent the
associations often have differing signs. For both
children and mixed age groups there is a positive
association between P. falciparum and P. malariae in
Africa and a negative association between these two
species in Asia. For Asian countries, the associations
between P. falciparum and P. vivax were largely
negative; however, positive associations were seen
between these two species in Tanzania, Papua New
Guinea and USA. There were no negative
associations  involving P. ovale; significant
associations with both P. falciparum and P. malariae
were always positive. Associations between P.
malariae and P. vivax were quite variable, tending to
be negative for Asian countries and positive else-
where.

Of the datasets containing information on mixed
infections with the 2 hookworm species (141-150,
Table 1), a positive association was found in 5 cases.
Analysing these datasets together (n = 6820) resulted
in an estimate of 049 (959, C.I. 0-:31:0-67) for the
association between the two species. The residual
deviance for this model was 35-37 on 9 degrees of
freedom (P < 0-001).

Finally, of the 8 datasets classifying individuals
with respect to infection with S. mansoni and S.
haematobium a positive association was found in 6
and a negative association was found in just 1 case. A
combined analysis of these data resulted in a negative
estimate for the between-species association of
—014 (959 C.I. —0-25: —0-04), x* = 25763 on 7
degrees of freedom, P < 0-001. This result is due to
the influence of the sample size of the single data set
providing evidence for a negative association.

Estimation of joint distribution

The numbers of uninfected individuals and single,
double and triple infections that would be expected
under the hypothesis of independence are compared
to the observed values in Fig. 2(A). It is clear that for
nearly all geohelminth datasets there are more triple
infections than would be predicted under the
assumption of independence. There are also more
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individuals with no infections, and fewer than
expected individuals with single or double infections.
This is a consequence of the positive between-
species associations.

Equivalent plots for the malaria species data are
shown in Fig. 3(A); in this case part (iv) corresponds
to individuals with 3 or 4 infections. Less consistent
patterns are observed here, owing to the range of
positive and negative associations between the ma-
laria species. However, there are considerable dis-
crepancies between the observed and expected
values, particularly for the numbers with single or
double infections.

The best parameter estimates obtained for each
country were used in accordance with the described
method to estimate the joint distribution of infection
and hence the number of individuals harbouring
zero, 1, 2 or 3 or more infections. These estimates are
compared to the observed values in Figs 2(B) and
3(B). For both the geohelminth and malaria species,
it is clear that the expected values using the
parameter estimates are much closer to the observed
values. Test statistics corresponding to the improve-
ments in fit can be obtained by comparing the sum of
the residual deviances under the assumption of
independence to the sum of the residual deviances
for the best fitting models for each country. This
corresponds to an improvement of x* = 3097-9 on
246 degrees of freedom (P < 0-001) for the geohel-
minth datasets and y* = 4446-8 on 244 degrees of
freedom (P < 0-001) for the malaria species datasets.

Cross-validation

The method for estimation of the joint distribution
can be cross-validated on separate datasets which
report only the marginal prevalences and the number
of individuals with single, double or triple infections.
For example, such data are reported from a survey of
intestinal helminth infections in schoolchildren in
Pemba Island, Tanzania (Albonico et al. 1997).
Given the marginal prevalences, the parameter
estimates for children in T'anzania (see Table 2) were
used to estimate the number of children with
multiple infections. These estimates were compared
to those obtained under the assumption of in-
dependence and the results are shown in Table 4(A).
The y* statistic comparing observed and expected
values is 62'57 under the assumption of indepen-
dence and 14-95 using the estimated parameters for
Tanzania. This results in a y* value for the
improvement in fit of 47-62, which is highly
significant for a test on 1 degree of freedom (P <
0-001). However, since nested models are not being
compared, it is not possible to determine the
appropriate degrees of freedom for a formal test.
Using the parameter estimates means that the
number of children with triple infections is estimated
more closely than under the assumption of in-
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Fig. 2. Observed proportions of individuals harbouring (i) no infections (ii) a single infection, (iii) double infections
and (iv) 3 infections with geohelminth species compared to the values that would be expected (A) under the
assumption of independence and (B) using the best parameter estimates for that country (see Table 2).

dependence. This is important as it is likely to be primary school children in Kampala, Uganda

those children with multiple infections who are at
greatest risk of morbidity and mortality.

As a further example, we consider a dataset
reporting the prevalence of intestinal parasites in

https://doi.org/10.1017/50031182001007272 Published online by Cambridge University Press

(Kabatereine et al. 1997). Prevalences of 10 species
of intestinal parasite are reported; however, only the
prevalences of A. lumbricoides, T. trichiura, hook-
worm and E. coli are greater than 19,. For the
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Fig. 3. Observed proportions of individuals harbouring (i) no infections (ii) a single infection, (iii) double infections
and (iv) 3 or more infections with malaria species compared to the values that would be expected (A) under the
assumption of independence and (B) using the best parameter estimates for that country (see Table 3).

purposes of estimating multiple species infections
the remaining species were ignored and the asso-
ciation between E. coli and each of the geohelminth
species was assumed to be zero. In this case, there are
no parameter estimates of the associations available
for Uganda; the results of using estimates among
children from 2 nearby countries (Tanzania and
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Kenya) are compared to the results obtained under
the assumption of independence and the results are
shown in Table 4(B). Again, using either of the sets
of estimated associations results in a large improve-
ment in fit, of y*=227-8 and y® = 1944 respec-
tively, of the numbers of children with multiple
infections. As above, both these represent significant
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Table 4. Observed (n,) and estimated numbers of individuals with
multiple infections under the assumption of independence (#;) and (A)
using the parameter estimates (n,) for children in Tanzania and (B)
using the parameter estimates for children in Kenya (n,,) and
Tanzania (n,,)

No. of infections n, n, n,

A

0 1 2:56 4-87

1 172 105-41 13605

2 1009 1162-25 1093-72

3 2423 233478 2370-36

X statistic 62-57 1495

No. of infections n, n, Npy Npy

B

0 2535 2621-01 2815-89 273976
1 1874 2093-00 1754-57 188813
2 740 544-21 63825 599-41
3 164 54-78 104-24 85-70
X* statistic 314-66 86-86 120-26

improvements (P < 0-001) compared to 1 degree of
freedom, although the appropriate degrees of free-
dom cannot be determined.

DISCUSSION

Multiple infections have important implications for
the practical design of control programmes against
parasitic diseases. In localities where parasite species
co-occur, control efforts may be best directed against
all the species which can be treated by a particular
drug rather than each species separately. If targeted
chemotherapy is used, a multiple species strategy
would be most effective where there is a positive
association between infections with different species.
Key to the design of such a strategy is a method
enabling the quantification of the pattern of multiple
infections. Studies of multiple infections are also
important for furthering understanding of cross-
species immunity and predisposition to infection
within hosts.

Data from 47 different countries and over 215000
individuals have been analysed and a number of
between species associations have been investigated.
An important point to note with a study such as this
is that a large number of statistical tests have been
carried out, both within and between populations.
This increases the likelihood that one or more of
these will produce a significant result merely by
chance. Unadjusted P values have been reported in
order to allow the reader access to the raw test results
independent of a specific correction method; as such
results of borderline significance should be inter-
preted with caution.

The first conclusion from the analysis is that the
distribution of multiple species infections is often
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not independent; data from 107 of the 158 com-
munities analysed were inconsistent with this hy-
pothesis. This implies that simply estimating joint
infections by multiplying the overall single-species
prevalences together does not give a good estimate of
the true numbers of joint infections. We have seen
the importance of the between-species associations
in terms of estimating the joint distribution of
infection.

Intestinal helminth infection adversely affects
physical and mental development which is likely to
be more serious when multiply infected (Stephenson,
1987). It has been shown that children with multiple
species infections have higher egg counts of each
species than children with single species infections
(Brooker et al. 2000) and that individuals with
multiple species infections are those at the highest
risk of geohelminth-related morbidity (Booth et al.
1998 a). The examination of patterns of multiple
infection is therefore crucial in estimating the global
health burden of intestinal helminth infections. In
general, associations between the helminth species
were positive, which implies that more multiple
species infections are observed than would be
expected under independence. This suggests that
there is pre-disposition to multiple infections and
that the pre-disposed individuals may be particularly
susceptible to disease; practically this implies that
efforts should be made to ensure that these indi-
viduals are not missed from treatment. Reasons for
the positive associations could be due to the
transmission routes of the species. A. lumbricoides
and T. trichiura are both transmitted by the faecal—
oral route (Booth & Bundy, 1995) which means that
social and behavioural factors which lead to infection
with one species will increase the probability of
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infection with the other species. However, hook-
worm is transmitted by the percutaneous route and
so positive associations between this and either
A. lumbricoides or T. trichiura may be due to in-
creased predisposition to multiple infections in some
individuals.

Studies of mixed malaria infections can offer
important insights into the mechanisms of immune
response within the host, and it is this immune
response which will determine the clinical conse-
quences of mixed infections (Mason, McKenzie &
Bossert, 1999). It has been suggested that a deficit of
mixed infections could be caused by mutual in-
hibition, where the immune response to one species
prevents the invasion of a second (Cohen, 1973).
Conversely, it is possible that host heterogeneity
could result in an increased frequency of mixed
infections, with infections being concentrated in
certain susceptible hosts (Molineaux et al. 1980).
Richie (1988), in a review of interactions between
malaria parasites, concluded that the strongest
statement that may be made is that suppression or
exclusion may occur between malarial parasites.
McKenzie & Bossert (1999) suggested that the
inconsistent findings of previous authors may be due
to the different species involved in their studies, with
positive associations found by authors analysing P.
falciparum, P. malariae, P. ovale data and negative
associations generally found when P. falciparum, P.
malariae, P. vivax data were analysed. Indeed, we
have seen few clear patterns emerging amongst the
associations, although it is notable that estimates of
the 2-way associations were, in general, positive for
African countries and negative for Asian countries.

This considerable geographical heterogeneity in
the associations between species is very important in
the study of multiple species infections. Questions
regarding the causes of this variation still remain to
be answered. Heterogeneity amongst the data sets, in
terms of both study design and sampling techniques,
would be expected to contribute to variation amongst
the estimated associations. For example, the crude
division of data sets into those concerning children
and those concerning all ages will not capture the
differences in the distribution of malaria infection in
very young, as opposed to older, children. Further,
differences in diagnostic techniques may account for
differences in the detection of multiple infections
between studies. However, it does not seem likely
that these factors alone could account for the high
observed amounts of variation. In terms of pre-
diction of the joint distribution in a new population,
it is thus important to have as comprehensive a range
of parameter estimates as possible, in order to
estimate the numbers of individuals harbouring
multiple infections.

In summary, a general framework has been
presented for describing any number of parasite
infections, and predicting the joint distribution of
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infection from marginal prevalences. This formu-
lation allows for interactions between any subset of
the parasite species. In principle, although helminth
and malarial infections are concentrated on here, the
model can be applied to all types of infections
including bacterial and protozoan infections. Here,
we have concentrated upon infection status defined
by presence or absence of infection, but the model
could also be wused to investigate multiple
occurrences of infections above a certain defined
level. In particular, it would be of interest to
determine if individuals with an intense infection of
one species are more likely to experience an intense
infection with another species. Needham et al. (1998)
demonstrated that high intensity A. lumbricoides
infections were significantly more likely to occur
with high intensity 7. trichiura infections than
would be expected by chance. Identification of those
individuals with multiple intense infections is im-
portant not just for the individuals concerned but
also in terms of reducing transmission in the en-
vironment. As such, it will be of value to quantify
the associations between multiple intense infections
in different geographical settings.
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