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Multivariate spatially-structured variability of ovine helminth
infections
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Abstract. A cross-sectional survey was carried out on 2004-2005 in the Campania region, southern Italy, to study the
multivariate geographical distribution of four different sheep helminths, i.e. Fasciola hepatica (liver fluke),
Calicophoron (Paramphistomum) daubneyi (rumen fluke), Dicrocoelium dendriticum (lancet fluke), and the gastro-
intestinal strongyle Haemonchus contortus. A series of multivariate Bayesian hierarchical models based on square root
transformation of faecal egg counts were performed. The results were consistent with theoretical knowledge of the biol-
ogy and epidemiology of the four studied helminths. In particular, the impact of common intermediate hosts (E hepat-
ica and C. daubneyi share the same intermediate host species) was quantified and evidence of previously unknown eco-
logical components was given. D. dendriticum was correlated to E hepatica and H. contortus was found not to be spa-
tially associated with the previously mentioned helminths.
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Fasciola hepatica (liver fluke), Calicophoron
(Paramphistomum) daubneyi fluke),

Multivariate disease mapping in the context of (rumen

hierarchical Bayesian modelling is a relatively new
approach which is able to estimate latent common
patterns of risk, and eventually relate them to the
underlying prevalence of exposure. Most applica-
tions relate to cancer epidemiology (see for example
Knorr-Held and Best, 2001) but there is growing
appreciation for other public health and veterinary
applications, particularly for parasitic infections.
Parasites are strongly dependent on environmen-
tal characteristics and ecological analysis can
address relevant scientific questions (e.g. Biggeri et
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Dicrocoelium dendriticum (lancet fluke) and the

gastro-intestinal (GI) strongyle Haemonchus con-

tortus are widely distributed in small ruminants
bred in southern Italy (Cringoli et al., 2004b,

2007b; Rinaldi et al., 2005; Maurelli et al., 2007).

In addition, it is well known that:

(i) E hepatica and C. daubneyi have the same indi-
rect life cycle and share the same intermediate
host (the amphibious snail Lymnaea truncatu-
la) (Mage et al., 2002);

(ii) D. dendriticum has a complex life cycle involv-
ing numerous species of land snails and ants as
first and second intermediate hosts, respective-
ly (Maurelli et al., 2007); and

(i) H. contortus has a direct life cycle without
intermediate hosts.

The present paper was aimed at studying the
degree of spatial correlation among these four
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helminths in 121 ovine farms of the Campania
region, southern Italy. We account for their known
ecology and we utilize data from a recent (2004-
20085) cross-sectional survey.

Materials and methods
Study area and sampling

The survey was carried out in the Campania
region of southern Italy (latitude = 39°59°15”-
41°30°25”; longitude = 13°45°25”- 15°48°23”)
which extends over an area of 13,590 km2. The
region is mainly hilly and extends from 0 to 1890 m
above sea level. The climate is Mediterranean with
dry summers and rainy winters.

A geographical information system (GIS) was
established utilizing the administrative boundaries
(at provincial and municipal levels) of the Campania
region. In addition, as part of the regional project
MAPZOO (Cringoli et al., 2007a), all the sheep
farms of the region were geo-referenced. In order to
uniformly sample the farms throughout the entire
region, a grid, representing quadrants of 10 x 10 km,
was overlaid on the region map within the GIS. As
a result, the territory of the Campania region was
divided into 135 equal quadrants, the centroid of
each quadrant was identified and among all the
farms included in the GIS database, the farm closest
to the centroid in each quadrant was selected. Only
pastured farms with at least 50 sheep were consid-
ered. The GIS software used for the present study was
ArcGIS version 9.2 (ESRI, Redlands, CA, USA). Out
of the total 135 quadrants, 121 were investigated.
The remaining 14 were non-farmed areas. Faecal
samples were collected from 15 adult sheep (aged >18
months) and 5 youngs (aged <18 months) on each
farm. In total, 2420 sheep were examined.

Parasitological analyses
Faecal samples were pooled at the laboratory in

order to obtain 4 composites of 5 individual samples
of the same weight, for each tested farm.

The FLOTAC technique (Cringoli, 2006) with an
analytic sensitivity of 2 eggs per gram of faeces
(EPG), was utilised for all coprological examina-
tions. The flotation solutions employed were: a
sucrose flotation solution (specific gravity (s. g.) =
1.250) for detecting GI strongyle eggs, and zinc sul-
phate plus potassium iodomercurate (s. g. = 1.450)
for detecting trematoda eggs (Cringoli et al., 2004a).

In addition, coprocultures were performed and
H. contortus third-stage larvae (L3) were identified
using the morphological keys proposed by van Wyk
et al. (2004).

Statistical analysis

We addressed data analysis on the square root
transformation of egg counts Y*;5. Let assume that
Y*ir follows a multivariate normal distribution
MVNp, (u, £) where i = 1,..., N indexes farms and
k = 1,..., K indexes helminths. This assumption is
appropriate since a certain degree of correlation
among parasites is expected.

We then specified three different models for u, as
follows:

(i) model 1: ujr = ok ; ok ~ N(0,1000), no spatial
structure was assumed;

(if) model 2: wjr = ok + ujp ; where ujp is a
helminth-specific clustering term with condi-
tional autoregressive (CAR) specification
(Besag et al., 1991); and

(iii) model 3: wjk = o + 1 S + I (RET)Wjp, ; where u;
is a shared clustering term between the four
helminths modelled as CAR; Wj, represents a
specific clustering term for D. dendriticum or
H. contortus by T, an appropriate subset of K.
This choice is motivated by the ecology of the
parasites, two intermediate hosts for D. den-
driticum and three external larval stages for
H. contortus.

Following Knorr-Held and Best (2001), the terms
logd1, ..., logds, constrained to X, logdp, were
assumed to be multivariate normal distributed with
zero mean and variance covariance matrix, respec-
tively, as follows:
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In models 2 and 3, ap is the helminth-specific
intercept whose a priori distribution is improper
uniform.

The fit of these models was described through
Pearson’s correlation among predicted responses
and among spatially-structured random terms
(model 2 versus model 3). Model comparison was
done by deviance information criterion (DIC;
Spiegelhalter et al., 2002).

Results
Results of exploratory analysis

The parasitological results showing prevalence
and infection intensities (EPG) for each studied
helminth are summarised in Table 1.

With the exception of E hepatica and C. daubneyi
that exhibited a positive correlation, the other
helminth infections appeared to be uncorrelated
(Table 2).

In Figure 1 the geographical distribution of
observed EPGs for the 4 helminths studied is shown.

Pearson’s correlation coefficients among predicted
responses by models 1 and 2 are shown in Table 3,
i.e. the correlation among responses by models in
which spatial (model 2) or non-spatial structure is
present.

Both models showed a high and positive correla-
tion between E hepatica and C. daubneyi. With
regard to the other helminths, the results differed
between the two models but the one with the spa-
tially-structured term seemed to better reproduce
the observed scenario. DIC confirmed these findings
(2563 in model 1 versus 2415 in model 2), the
smaller the better fit to the data.

The risk surfaces for the spatially-structured
terms of model 2 are displayed in Figure 2. A
strong spatial gradient emerged which, as expect-
ed, was very similar for E hepatica and C. daub-
neyi. The surface for D. dendriticum shows a spa-
tial pattern that was surprisingly close to that of
E bepatica. Both flukes affect the liver but they
have different seasonal patterns which could
explain co-existence in a common environment of
intermediate hosts (Asanji and Williams, 1984).
H. contortus infection showed a higher prevalence
along the coastal region and there was no correla-
tion with  C. daubneyi.

The shared clustering model 3 showed a lower
DIC than model 2, and hence a better fit of the data.

Table 1. Ovine helminth infections in 121 sheep farms in the Campania region, southern Italy: descriptive analysis.

Helminths studied in the 121 sheep farms investigated

E hepatica C. daubneyi D. dendriticum H. contortus
No. positive farms 15 17 81 109
% positive farms (95% CI*) 12.4 (7.3-19.9) 14.0 (8.6-21.8) 66.9 (57.7-75.1) 90.1 (82.9-94.5)
Mean EPG 4.2 3.5 33.1 79.0

*CI = confidence interval

Table 2. Ovine helminth infections in 121 sheep farms in the Campania region, southern Italy: Pearson’s correlation coeffi-

cients between observed infection prevalence data.

Helminth species E hepatica C. daubneyi D. dendriticum
C. daubneyi 0.2768 - -

D. dendriticum -0.0802 0.0876 -

H. contortus -0.0558 0.0681 -0.0052
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Fig. 1. Maps of ovine helminth infections in the Campania region, southern Italy (colour scale by count of EPG).

Table 3. Ovine helminth infections in 121 sheep farms in the Campania region, southern Italy: Pearson’s correlation coeffi-
cients among predicted responses and DIC values comparing model 1 with model 2.

Helminth species Model 1 Model 2

E hepatica C. daubneyi D. dendriticum E hepatica C. daubneyi D. dendriticum
C. daubneyi 0.42 - 0.32 - -
D. dendriticum -0.30 -0.28 -0.19 -0.03 -
H. contortus 0.08 -0.22 0.10 0.11 0.03
DIC* 2563 2415

*DIC = deviance information criterion.
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Fig. 2. Ovine helminth infections in 121 sheep farms in the Campania region, southern Italy: spatially-structured random terms
from model 2 (see text).

Table 4. Ovine helminth infections in 121 farms in the Campania region, southern Italy: Pearson’s correlation coefficients
among spatially-structured terms from model 2 and & terms from model 3 (see text).

Helminth species E hepatica C. daubneyi D. dendriticum 0

E hepatica - - - 1.414
C. daubneyi 0.96 - - 1.496
D. dendriticum 0.71 0.73 - 1.275

H. contortus 0.42 0.35 0.30 0.529
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Fig. 3. Ovine helminth infections in 121 sheep farms in the
Campania region, southern Italy: shared clustering terms and
parasitic specific terms from model 3 (see text).
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In the model, the shared term captured a major part
of the association between E hepatica and C. daub-
neyi. The correlation among spatially structured
terms from model 2 and 8 terms of model 3 are
reported in Table 4. The correlation between specif-
ic clustering terms of E hepatica and C. daubneyi
was 96% but only 30% among D. dendriticum and
H. contortus. Consistently, the importance of shared
clustering terms was greater for E hepatica and
C. daubneyi (1.414 and 1.496, respectively) than for
H. contortus (0.529).

The shared clustering terms and the specific clus-
tering terms for H. contortus and D. dendriticum
are reported in Figure 3. These last terms exhibit-
ed the same spatial pattern as that produced by
model 2.

Discussion and conclusions

We aimed to assess the extent of spatial co-varia-
tion among the risk of different helminths in ovine
farms. Liver and rumen flukes (E hepatica and
C. daubneyi) share the same intermediate hosts, i.e.
amphibious snails; thus, we expected a strong spa-
tial correlation among the two helminths. Lancet
fluke (D. dendriticum) has two intermediate hosts,
i.e. land snails and ants; thus we expected absence
of correlation with the other two trematoda.
H. contortus has no intermediate hosts; three differ-
ent larval stages live in the external environment
and we were interested in looking at possible corre-
lations with the other helminths. To test these
hypotheses we specified a model with shared clus-
tering components for the four helminths and spe-
cific clustering for D. dendriticum and H. contortus
(model 3).

In particular, recall that for E hbepatica and
C. daubneyi assumed ujk = af + ui 6 where u; is
CAR modelled, and for D. dendriticum and H. con-
tortus ujp = o + uj Op + Wik, where Wy, is a CAR
process specific for each of the two parasites.

Our analysis highlighted that:

(i) there is evidence of shared spatially-structured
variability among the four helminths studied;
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(ii) E hepatica and C. daubneyi were highly corre-
lated; and

(iii) D. dendriticum and H. contortus were not cor-
related and showed a specific spatial structure.

Shared terms can be interpreted as a latent covariate
(Knorr-Held and Best, 2001). Therefore E hepatica
and C. daubneyi prevalence can be interpreted as sur-
rogate or observable covariate of a latent variable
(assuming a classical error model, with z; = #; / 6 and
Br = i the model becomes Wik = Ok + uj O + Wik =
ok + Pr zi + Wik).

Our findings modify previous expectations since
we found a common spatial structure driven by
E bepatica and C. daubneyi and not only a correla-
tion between these two parasites. Coverage or effec-
tiveness of veterinary surveillance is traced by the
prevalence of those two preventable diseases. The
shared clustering model 3 results, can be interpreted
as evidence in favour of the prevalence of E hepati-
ca and C. daubneyi infection being a proxy for cov-
erage of veterinary preventive or prophylactic treat-
ments.

With regard to statistical issues, the shared clus-
tering model adopted is appropriate when spatially-
structured variability is the subject-specific goal.
Alternatively, the generalized multivariate CAR
model could be considered (Jin et al., 2005). The
model has one more parameter than generalized
proper MCAR (Gelfand and Vounatsou, 2003) and
the spatial structure for given response category
depends on other response categories.

Table 1 showed that EPG values presented strong
zero excess for E bepatica and C. daubneyi. A sub-
sequent paper will address statistical modelling of
zero-inflated counts (Lambert, 1999).

In conclusion, multivariate disease-mapping can
be helpful for testing hypotheses related to ecologi-
cal patterns of disease risk. For E hepatica and
C. daubneyi the results were consistent with the the-
oretical expectation; for H. contortus, the findings
suggested coastal environmental factors in the trans-
mission of the infection. D. dendriticum showed a
structure similar to E hepatica, while the baseline
prevalence was very different.
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