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surveillance data
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Introduction: Cystic echinococcosis (CE) is a zoonotic parasite caused by the

cestode Echinococcus granulosus sensu lato (s.l.) which predominantly affects

livestock. The disease is endemic in central-southern and insular Italy, with CE

particularly infecting sheep, goats, cattle, and water buffalo. The spatial

distribution of CE in endemic regions is not widely understood, with

surveillance efforts varying across the region.

Methods: In this study, we investigated the spatial distribution of CE in livestock

using samples from farms across different livestock species using a Stochastic

Partial Differential Equations (SPDE) model. Samples were collected during a

survey conducted in the area of central-southern and insular Italy between the

years 2019 – 2021.

Results: A total of 3141 animal samples (126 goats, 601 sheep and 2414 cattle

and water buffalo) were inspected for Echinococcus s.l. cysts through routine

surveillance in abattoirs by postmortem visual examination, palpation and

incision of target organs. The geographic location of the farm of origin (a

total of 2,878) for each sample was recorded. CE prevalence of 46.0% (1,323/

2,878) was estimated at the farm level with 78.3% (462/590) of farms with

sheep, 28.6% (36/126) of farms with goats, 36.5% (747/2,049) of farms with

cattle, and 23.5% (102/434) of farms with water buffalo infected.

Discussion: The spatialmodel evaluated the probability of infection in farms across

the sampled regions, with the distribution of CE showing high clustering of infected

cattle farms in Sardinia and Sicily regions, and sheep farms in Salerno province

(Campania region). The output of this study can be used to identify CE hot-spots

and to improve surveillance and control programs in endemic areas of Italy.
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Introduction

Cystic echinococcosis (CE) is a zoonotic parasitic disease

caused by the tapeworm Echinococcus granulosus sensu lato (s.l.).

The parasite’s life cycle involves a variety of wild and domestic

ungulates as the intermediate host and canids as the definitive

host. In pastoral farming, the disease most commonly infects

livestock animals such as sheep, goats, cattle, pigs and dogs.

Intermediate hosts become infected through the ingestion of E.

granulosus s.l. eggs in the pasture, which have been excreted by

the definitive host. Subsequently, the eggs hatch in the intestine

and after penetrating the gut wall, form Echinococcus s.l. cysts on

the intermediate host organs, most commonly the liver and

lungs. After some time these cysts will become fertile and start

producing protoscoleces. Definitive hosts are infected when they

consume E. granulosus s.l. protoscoleces (1) through deliberate

feeding of infested offal by owners or through scavenging.

Humans are dead-end hosts and are infected through the

consumption of food and water contaminated with eggs, or by

hand-to-mouth contact and close contact with dogs (2).

E. granulosus s.l. is globally distributed and is endemic in

Central Asia, Eastern Europe, Northern Africa, Mediterranean

countries, the Middle East, Southern Africa, and South America

(3, 4). E. granulosus s.l. is a species complex that includes several

species (genotypes). E. granulosus sensu stricto (s.s.) (G1, G3), E.

orteppi (G4), E. equinus (G5), E. canadensis (G6/7, G8, G10), and

E. felidis (5, 6), with different spatial distributions. E. granulosus s.s.

(G1) is responsible for the majority of infections in humans

worldwide (7). In Italy, cases in intermediate hosts including

humans are predominantly caused by E. granulosus s.s. (8). E.

granulosus s.s. is also considered to be responsible for most cases in

cattle across Europe (9). Studies have shown that while the

prevalence in farms can be below 1% in northern regions of

Italy, 10 presents evidence of outbreaks in shepherd dog

populations. On the other hand, the central-southern and insular

regions of Italy can reach a prevalence of more than 50% (11–13).

The annual human incidence of CE has been found to be as high as

6.41 per 100,000 people in these regions (14).

CE inflicts a considerable financial burden on the public

health and animal sector. It is estimated that CE affects one

million people worldwide, and has an estimated global burden of

184,000 disability-adjusted life-years (DALYs), comparable to

other diseases such as Dengue, Chagas disease, and African

trypanosomiasis (15). Cysts developed on the organs of an

infected human can cause morbidity and mortality, however,

the latter only occurs in a small minority of patients (16). CE is

responsible for 3 billion dollars worth of losses a year in the

agricultural sector. Production losses are incurred due to

contaminated offal and decreased livestock performance, such

as reduced carcass weight and milk production (4, 17).
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Individuals affected by CE are sometimes hard-to-reach, in

particular those living in marginalized pastoral communities.

The World Health Organization (WHO) includes the

echinococcosis disease group (cystic and alveolar echinococcosis)

as one of its 20 neglected tropical diseases (NTDs). As part of the

WHO 2030 roadmap to end the neglect of NTDs, the objective for

CE is to increase the number of countries with intensified control

from 1 (in 2020) to 17. One of the critical actions listed to achieve

this goal is to “Map disease prevalence to establish baseline data,

and strengthen integrated national surveillance” (18). Much of the

established mapping describes prevalence at a regional level,

without considering that prevalence can differ greatly between

contiguous areas. Current surveillance data that highlights disease

hotspots can be used to identify areas which require control

measures implementation (19).

Here, we compiled surveillance data from routine sampling

in abattoirs to map the spatial distribution of CE in ruminant

farms across Italy at a fine spatial scale. The risk of infection was

estimated from the probability that a farm is infected, defined as

returning a positive sample for CE. The evaluation was also

carried out for each species individually, to assess indicators of

infection hotspots.
Methods

Data source and collection

In this study samples were collected during a survey

conducted in the area of central-southern and insular Italy from

2019 to 2021. The routine inspection of the animals slaughtered

was carried out for hydatid cysts by post-mortem visual

examination, palpation, and incision of target organs (heart,

kidneys, liver, lungs, and spleen). When cysts were found, these

were dissected and the cystic structure was carefully inspected to

evaluate the morphostructural types (unilocular, multiseptate,

calcified, caseous and hyperlaminated) in accordance with the

methodology by Conchedda (20) and Bosco (12). The structural

and morphological evaluation of each cyst found, allowed the

diagnosis of CE cysts with certainty. Once CE cysts were detected,

the animal, and the farm to which it belonged, were classified as

positive. The ID and geographical location of the farm the animals

originated from were recorded. Cattle and water buffalo samples

were mostly collected from Sardinia, Sicily, and central-southern

Italy. Sheep data collection available to us was limited to the

Basilicata and Campania regions, and goat data collection was

limited to Basilicata only, Figure 1. Further detail of the location of

sample farms can be viewed in Supplementary Figure 1.

3,141 animals were sampled from 2,878 farms across 12

regions of Italy, Table 1. This included samples from 126 goats,
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601 sheep and 2,414 cattle and water buffalo. Many samples

originated from farms which contained both cattle and water

buffalo; in these cases, they were classified as both “cattle farms”

and “water buffalo farms” for further analysis. All samples that

originated from the same location were assumed to be from the

same farm. A total of 349 samples shared locations with other

samples and 247 locations were the point of origin for more than

one sample. Farms withmultiple samples were considered positive

if they had one animal which tested positive. This was done as

only a small minority of farms had multiple samples, which would

prevent the description of within-farm prevalence accurately.
Frontiers in Tropical Diseases 03
Data analysis

A Bayesian geostatistical model was developed to predict the

probability of finding a farm positive with CE by adapting the

methodology by P. Moraga (21), using the “INLA” package (22)

in R (23). It was assumed that a farm, i, is characterized by a

probability of returning at least one sample positive with CE, pi.

This probability pi is then related to its linear predictor through

the logit link function:

logit(pi) = b0 + Si
FIGURE 1

The spatial distribution of the samples in the study area, by species.
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With b0 representing the intercept (i.e. the average national
between-farm prevalence) and Si capturing the spatial random

effect, which follows a zero-mean Gaussian process with Matérn

covariance function (24). A stochastic partial differential

equation approach was used to fit the spatial model and

predict the probability of CE at unsampled locations (25). A 2-

dimensional triangulate mesh was created to cover the area

surrounding the region of sampled farms. This allows for

barycentric interpolation for any point within the triangles.

The mesh is designed so that finer triangles are created closer

to the sampled points, which allows for greater accuracy within

the more critical regions whilst keeping computational

requirements low. The predicted infection probability is then

projected onto 0.05° longitude by 0.05° latitude pixels

(approximately 5.55 by 5.55 squares km) which cover the

regions where samples were collected from. For simulations

analyzing only goat or sheep samples, smaller pixels (0.0133°

longitude by 0.0133° latitude, 1.48 by 1.48 squares km) were used

to be able to accurately capture the smaller study area. We

limited our analysis to the regions where at least one sample was

collected to avoid extrapolating excessively beyond the sampled

area. The model outputs were visualized using the R package

ggplot2 (26). A full description of the model and all code is
Frontiers in Tropical Diseases 04
available at https://github.com/MabEntez/CE-spatial-

distribution-in-italy .
Results

A total of 2,878 unique sampled farm locations were

registered within the area of Italy. This includes farms of

sheep, goats, cattle, and water buffalo. Out of the total number

of farm locations, 1,243 (41.8%) were identified to be infected

with E. granulosus s.l. Between-farm prevalence across

the ruminant species evaluated ranged from 23.5% to

78.3%, Table 2.

The spatial distribution of E. granulosus sl. approximated by

the Stochastic Partial Differential Equations (SPDE) model

including all livestock farms estimated the mean predicted

probability of infection ranges from 14.8% to 78.7%, Figure 2.

The lowest mean probability of infection was estimated for the

region of Puglia, and the highest in the Sardinia region, with

farms in Sardinia, Sicily and Basilicata regions consistently

showing a higher probability of infection, above 60%. The

northern regions of Italy show a very uniform distribution due

to the paucity of the data available to us (a very low number of

samples collected from those regions, see Table 1). When

evaluating the species-specific spatial models considering only

either sheep, goat, cattle, or water buffalo farms, the mean

predicted probability of infection ranged geographically from

67.1% to 80.3%, 25.0% to 33.7%, 7.7% to 82.1%, and from 20.9%

to 28.1% respectively, Figure 3.
Discussion

CE is endemic in Italy, with recent studies indicating high

prevalence in the central-southern and insular regions (11–13).

This study investigated the distribution of CE in ruminant

livestock (sheep, goats, cattle and water buffaloes) farms in

Italy. Prevalence data of CE in specific regions of Italy can be

scarce, furthermore, very few studies have investigated the

spatial distribution of the disease in Italy as a whole. The

spatial model approximations show a large range of infection
TABLE 2 Total number of farms with different livestock sampled for Echinococcus granulosus s.l. in Italy.

Livestock No. of farms* No. of farms with a positive animal Prevalence (CI 95%)

Sheep 590 462 78.3% (75.0 - 81.6)

Goats 126 36 28.6% (20.6 - 36.6)

Cattle 2049 747 36.5% (34.4 - 38.5)

Water buffalo 434 102 23.5% (19.5 - 27.5)

Total farms 2878 1323 46.0% (44.1 - 47.8)
TABLE 1 Total number of samples collected from each region of the
study area.

Region No. of samples

Abruzzo 40

Basilicata 765

Calabria 82

Campania 868

Emilia-Romagna 2

Lazio 243

Marche 1

Molise 156

Puglia 686

Sardinia 54

Sicilia 240

Umbria 1

Total 3141
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probabilities across Italy (14% - 78%) for all farm types

combined. Distinct hotspots of high infection can be seen

around the region of Basilicata, Sardinia, and Sicily. All

individual-species model simulations show a much narrower

range of infection probabilities, with the exception of cattle. This

could be due to the fact that most of the samples evaluated

originated from cattle farms (2,049 out of 2,878), and also had

the largest spatial coverage, with samples from all 12 regions

considered. Simulations with goat and water buffalo farms show

a relatively homogenous distribution of disease with a small

increase of infection in focused areas.

It should be noted that many of the infection hotspots,

shown in Figure 2, could be a consequence of species bias. This

could mean that an area with many samples from one species

with a higher prevalence would show an increased probability of

infection. However, this does not necessarily represent the true

probability of infection, due to the over-representation of

samples of said species. Hence, high infection in the Basilicata

region and Salerno province (Campania region) can be

explained by the fact that all sheep samples were collected

from that region and sheep farms have a high prevalence of

infection (78.3%). Predictions for cattle samples also show

increased infection in the Basilicata region, however, it is not

as pronounced nor consistent as in sheep. Predictions in

Sardinia and Sicily regions can be assumed to be entirely
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based on cattle samples as no samples of other livestock

originated from those regions. These predictions are of interest

as they show much higher infection probabilities (from around

60% to more than 80%) than the average across the whole

country (36.5%). This can be explained by the fact that Sardinia

has a longstanding tradition of sheep farming. Sardinia contains

45% of the entire Italian sheep stock on the island and is known

to have a high prevalence, with an average value of 65.3%

reported from 2012 to 2018 (27). The higher cyst fertility rate

in sheep (28, 29) and large volume of sheep farms in the regions

could be an explanation for the high infection pressure in the

region, which is then observed in the samples collected in cattle.

The infection probability predicted in the Emilia-Romagna,

Marche, and Umbria region is quite uniform because of the

low number of samples available in these regions. The values we

see in these regions would be in a major part dictated by the

intercept in the model, and some spatial effect from samples

collected in the surround regions.

A systematic review (14) of the epidemiological distribution

of E. granulosus s.l. found that CE prevalence reported for

bovines and ovines were 21.26% and 21.09% in southern Italy,

and 42.61% and 68.50% in insular Italy, respectively between

1995 and 2015. In 2009-2010 the prevalence of CE in cattle was

3.2% in central Italy, 20.8% in southern Italy, and 45.9% in

Sardinia (30). In southern Italy, using data from slaughterhouses
B

C

A

FIGURE 2

Predicted values of probability of infection of Echinococcus granulosus s.l. across Italy output from the fitted model showing the mean (A)
lower (B) and upper (C) 95% confidence intervals.
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showed that 44.8% of goat farms were positive for CE (13). A

recent study in Lebanon (29) investigated CE prevalence in

sheep (62.9%) and goats (20.%) in the same region. In the

Basilicata region, the prevalence of sheep and goats was 62.9%

and 28.0%, respectively (12). It is important to be mindful of the

fact that we are comparing the probability of a farm containing

at least one animal infected with CE prevalence across a number

of samples that might or might not originate from different

farms and be representative of the region. While these two

statistics are not necessarily synonymous, it is still a useful

comparison to make. As our model outputs correlate closely

with recent prevalence reported in the literature, this helps to

corroborate the reliability of the approximations from the spatial
Frontiers in Tropical Diseases 06
model, specifically in the sampled regions. Between the years

2001-2014, Basilicata, Sicily, and Sardinia had the highest

average annual human CE direct costs per 100,000 inhabitants

calculated from hospital discharge records. Basilicata and

Sardinia also had the highest average annual human CE

DALYs per 100,000 inhabitants, with Sicily and Calabria

following them as the regions with the subsequent highest

(31). Brundu et al. (32) reported the highest average annual

incidence rates of hospital cases of CE between 2001 and 2012 in

Sardinia (6.78/105 inhabitants), Basilicata (5.43/105 inhabitants),

and Sicily (3.96/105 inhabitants). The disease hotspots described

in this study also correlate with increased annual human costs,

DALYs and incidence rates of hospital cases per 100,000
B

C D

A

FIGURE 3

Predicted mean probability of infection with Echinococcus granulosus s.l. across Italy in sheep farms (A), goats (B), cattle (C) and water buffalo (D).
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inhabitants. This could be an indicator of spatial correlation

between the probability of farms being infected and infection in

humans. This could also mean that mapping the risk in animals

also can be used to estimate E. granulosus s.l. egg contamination

One major consideration while reviewing our results is that

in this study we assumed, for simplicity, a 100% sensitivity and

specificity for the samples collected. While specificity is generally

very high, in practice this is often not the case for the sensitivity;

the prevalence of CE in livestock is often underestimated as

surveil lance systems, based on reports recorded at

slaughterhouses in Italy, routine surveillance is still regarded as

inaccurate and inefficient (11). A study by Wilson et al. (33)

investigated the sensitivity and specificity of hepatic hydatid

cysts in cattle in Australian abattoirs and found that sensitivity

can be as low as 24.9% with a specificity of 98.9%. Even in the

case of thorough necropsies in sheep, it was estimated to have an

average sensitivity of 79.9% (34). The current surveillance

system in place in Italy utilizes macroscopic inspection (as

reported in this paper) of the organs of all the animals at the

slaughterhouse in search of CE cysts.

Further studies could incorporate knowledge of sensitivity

and specificity into the model calculations to extrapolate a “true”

prevalence in farms and gain a greater understanding of the

underestimation of prevalence from current surveillance

systems. The identification of clustered farms positive with CE

at a fine spatial resolution establishes a good baseline

understanding of the distribution of disease. This can be used

to inform which areas are high risk, not only at a regional level

but also at a local level. Optimal surveillance and control

programs can then be designed which incorporate more

nuance across species infected with E. granulosus s.l. Another

limitation of this study was with the coverage of the sample

locations across species varying. The number of samples taken

from each species may not be representative of the proportion of

species on farms in the area; As mentioned before, an over-

representation of samples from a certain species can skew

predictions towards the prevalence of disease in said species.

Areas with a limited number of samples will also have less

accurate and reliable predictions; Areas with very high upper

limit and very low lower limit with 95% credible intervals

(Figure 2) are regions with high uncertainty due to this. The

regions of Emilia-Romagna, Marche, and Umbria had very few

samples analyzed and will have a probability of infection

predicted heavily influenced by the national average and the

surrounding regions, therefore may not be truly reflective of the

prevalence in those regions.
Conclusion

The present study has identified CE hotspots, where farms

positive with CE are clustered across central -southern, and
Frontiers in Tropical Diseases 07
insular Italy. This information is important to understand the

epidemiology of the disease better and to inform areas with high

disease risk, to both humans and animals, that require increased

surveillance and control. These surveillance and control

strategies can be further optimized at a local level by

considering different strategies for different species. Further

studies are required to gain greater insights into the

distribution of the disease in northern Italy, investigating the

prevalence of disease in sheep and goats in the wider Italian

region or further considerations around diagnostics.
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