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Abstract

Introduction:

Shiga toxigenic Escherichia coli (STEC) are pathogenic E. coli that cause infectious
diarrhoea. In some cases infection may be complicated by renal failure and death. The
incidence of human infection with STEC in Ireland is the highest in Europe. The
objective of the study was to examine the spatial incidence of human STEC infection in a
region of Ireland with significantly higher rates of STEC incidence than the national

average and to identify possible risk factors of STEC incidence at area level.

Methods:

Anonymised laboratory records (n=379) from 2009-2015 were obtained from
laboratories serving three counties in the West of Ireland. Data included location and
sample date. Population and electoral division (ED) data were obtained from the Irish
2011 Census of Population. STEC incidence was calculated for each ED (n=498) and
used to map hotspots/coldspots using the Getis-Ord Gi* spatial statistic and significant
spatial clustering using the Anselin’s Local Moran'’s I statistic. Multivariable regression
analysis was used to consider the importance of a number of potential predictors of

STEC incidence.

Results:

Incidence rates for the seven-year period ranged from 0 to 10.9 cases per 1000. A
number of areas with significant local clustering of STEC incidence as well as variation
in the spatial distribution of the two main serogroups associated with disease in the
region i.e. 026 and 0157 were identified. Cattle density was found to be a statistically

significant predictor of STEC in the region.
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Conclusions:

GIS analysis of routine data indicates that cattle density is associated STEC infection in
this high incidence region. This finding points to the importance of agricultural
practices for human health and the importance of a “one-health” approach to public

policy in relation to agriculture, health and environment.
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1. Introduction

Shiga toxigenic Escherichia coli (STEC) also known as Verocytotoxigenic E. coli (VTEC)
are pathogenic E. coli that are associated with a spectrum of illness. After exposure
some people remain asymptomatic whereas others develop self-limiting gastroenteritis
or bloody diarrhoea (haemorrhagic colitis). Haemolytic uraemic syndrome (HUS),
characterized by acute renal failure, occurs in 3-7% of cases, with those most at risk
being those aged less than 5 years of age [1]. The natural host for STEC are ruminants.
Some animals excrete the microorganism in very high numbers (termed ‘super-
shedders’) in their faeces [2][3]. The risk to humans is posed from contact with animal
faecal matter, through direct contact with the animals or indirectly through the
contaminated environment e.g. recreational or drinking water, or contaminated
foodstuffs e.g. raw milk, raw meat [4]. Managing the risk to humans from STEC is
particularly challenging as it has a very low infectious dose (<100 bacterial cells) and it
can survive in the environment for extended periods of time [5].

The incidence of human infection with STEC in Ireland has been the highest in
Europe since 2008; it was ten times the EU average in 2016 with 15.6 cases per 100,000
inhabitants in Ireland versus an average EU incidence of 1.77/100,000 [6]. Within
Ireland there is significant regional variation in the incidence of STEC infection. Among
the high incidence areas is a region of three counties (Galway, Mayo and Roscommon)
in the west of Ireland. In this region the crude incidence in 2016 was 26 per 100,000
inhabitants compared to the national average of 18 per 100,000 inhabitants [1]. By
contrast the incidence in a region in the east of Ireland comprised of counties Dublin,
Kildare and Wicklow was 7.7 per 100,000 inhabitants.

In Ireland, the most commonly recognised modes of STEC transmission are

direct animal contact, person-to-person and waterborne [1][7]. However, for a
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significant number (13%) of cases each year, the mode of transmission is reported as
‘unknown’ or ‘unspecified’ [1]. Small group water supplies, untreated private wells,
livestock density and domestic wastewater treatment have all been implicated in STEC
transmission and in STEC outbreaks [1][8][9].

The aim of this project was to examine the spatial incidence of STEC infection in
aregion of Ireland with higher incidence than the national average and to model the
relationship between STEC incidence and a range of potential predictors at a
geographical level. Diagnostic testing for STEC in the region is concentrated primarily in

one laboratory which facilitated data access.

2. Methods

Ethical approval for this study was granted by the National University of Ireland,
Galway Research Ethics Committee. Anonymised laboratory data for confirmed STEC
cases from 2009 to 2015 inclusive were obtained from diagnostic laboratories serving
the three counties Galway, Mayo and Roscommon. Duplicates and possible linked
confirmed STEC cases were removed leaving ‘primary cases’ (n=379). Possible linked
STEC cases were defined as those that were from the same electoral division (ED) with
the same serogroup and within one month of a ‘primary case’. Metadata recorded for
each case included location geocoded at ED level and clinical laboratory sample receipt
date. There were 498 EDs in the region studied. Population and ED data including
number of households, land surface area (km2), household water source and household
wastewater treatment, were obtained from the 2011 Census of Population for Ireland
from the Central Statistics Office [10]. ED population ranged from 83 to 14,384
individuals and total land surface area ranged from 0.56 km?2 to 162.3 kmZ2. Population

data was used to calculate the cumulative incidence rate (per 1000 inhabitants) of



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

confirmed STEC cases for each ED for the study period. Data on cattle and sheep
numbers were obtained from the 2010 Census of Agriculture [11].

The calculated STEC incidence rate was used to investigate geographic clustering
within the region using ‘hotspot’ analysis and ‘cluster’ analysis. The hotspot analysis
involved calculating the Getis-Ord Gi* [12] statistic for STEC incidence in each ED with
the resulting z-scores indicating where EDs with either high or low values cluster
spatially. For statistically significant positive /negative z-scores, the larger/smaller the
z-score is, the more intense the clustering of high/low values i.e. a hotspot/coldspot. In
order to be classified as a statistically significant hotspot, for example, an ED will have a
high z-score and be surrounded by other EDs with high z-scores. Cluster analysis, on the
other hand, uses Anselin’s Local Moran’s I test statistic [13]. Again the approach
involves the calculation of a test statistic (i.e. Local Moran's I value) along with a z-score
and a pseudo p-value, indicating the cluster type (or outlier) for each statistically
significant ED. The cluster/outlier type distinguishes between a statistically significant
cluster of high values (HH), cluster of low values (LL), outlier in which a high value is
surrounded primarily by low values (HL), and outlier in which a low value is
surrounded primarily by high values (LH). Statistical significance was set at 95%.

Finally, to consider the relationship between STEC incidence by ED and a range
of potential predictors, correlation and multivariable regression analyses were
undertaken. First, Pearson correlations between ED-level STEC incidence and the
various potential predictors were estimated to give an indication of the strength of
linear association between variables. Associated significance levels of each correlation
coefficient were at the 95% level. In the multivariable analysis, STEC incidence rate in
an ED was the dependent variable and a range of potential predictors were considered

(Table 1), based on data availability and previously published research [10, 11, 14, 15].
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For the multivariable regression analysis, we estimated a stepwise (backward selection)
model, applying a 5% significance level for removal. This meant that the variable with
the greatest p-value was removed, one at a time, until all remaining variables had a p-
value less than the 5% threshold. We also tested the robustness of our findings by
applying a 10% significance level for removal, as well as by estimating a number of
backward stepwise models with 5% and 10% significance levels for removal and
addition. Overall, our main findings were robust across these different approaches.
Moreover, we also considered models that accounted for spatial dependence in both the

dependent and independent variables and found this did not alter our key conclusions.

3. Results

3.1 STEC cases and incidence

The overall seven-year incidence ranged from 0 to 10.9 cases per 1000 inhabitants
across the region with a mean of 0.95/1000 - equivalent to 94.57/100,000 and a per
year average of 13.51/100,000. There were no cases across the whole time period in
289 of the 498 EDs (58%). In EDs with no cases versus EDs with cases, population
density was lower (108 versus 182 individuals per km?), cattle density was lower (69
versus 81 cattle per km?), and septic tank density was lower (5.2 versus 8.5 per per
km?). There was seasonality in number of cases with a majority of 66.2% (251/379)
occurring in Spring and Summer (March to August). Within this there was a lag between
the two main serogroups with most 0157 cases occurring earlier in the year in
Spring/Summer (March to August) and most 026 cases occurring slightly later in
Summer/Autumn (June to November). For 0157, 80.3% (102/127) of cases occurred in

March to August while 71.7% of 026 cases occurred from June to November.
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3.2 Cluster Analysis

Cluster analyses using the Anselin’s Local Moran’s I and Getis-Ord Gi* test statistics
identified a number of areas with significant local clustering of STEC incidence (Figs. 1
and 2). For example, there were a number of both HH clusters and HL outliers, most
obviously in county Roscommon and east county Mayo. Moreover, there were a number
of HL outliers in the west and southeast of the region. In relation to the hotspot analysis,
there were 37 EDs (7.4%) that were identified as significant hotspots (at least 95%
confidence) - 21 EDs at the 95% level and 16 at the 99% level. There were no ED
hotspots at the 99% level in county Galway while there were four in county Mayo
(57.1% of hotspots) and 12 in county Roscommon (48% of hotspots). Roscommon
county had the largest proportion of its EDs as significant hotspots at 22.7% versus
4.6% and 2.1% in counties Mayo and Galway respectively.

The majority of cases were of the two serogroups 026 (n=172) and 0157
(n=126), accounting for 78.6% of all cases (0157-33.2% and 026-45.4%). Getis-Ord Gi*
hotspot/coldspot analysis of each serogroup indicated spatial clustering
(Supplementary Figs. 1 and 2) and apparent degree of non-overlapping hotspots for
each serogroup. A total of 22 /24 (91.7%) of the 026 significant hotspots (95% level)
were in counties Galway and Mayo while all 33 significant 0157 hotspots were in

counties Galway and Roscommon.

3.3 Correlation Analysis

The Pearson correlation analysis suggested a statistically significant degree of linear
association between STEC rates and cattle density (positive; p=0.000) and rurality
(positive; p=0.0293) (Table 2). All other variables were found to have small pairwise

correlations which were not statistically significant at 5%.
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3.4 Multivariable Analysis

In the final iteration of the stepwise regression model (Table 3) we found that cattle
density was the only statistically significant predictor of STEC incidence in our sample, a
result that was robust across a range of alternative models. No other variable was found
to be significantly and robustly associated with STEC incidence in any of our
multivariable regression analyses. Moreover, in addition to the model presented, we
also estimated similar models separately for the two main serogroups i.e. 026 and
0157. In both cases we also found that cattle density was the only significant and robust

predictor of incidence.

4. Discussion
GIS is a flexible and adaptable methodology with a wide range of uses such as
identifying and ameliorating public health risks [16][17][18] including determining
geographical variation in risk and transmission of infectious diseases [19][20][21]. In
our study, we were able to apply GIS methodology and multivariable analysis to identify
areas at increased risk of STEC incidence in a region of Ireland and also factors that may
underlie this increased risk. Since STEC incidence varies significantly by region this type
of analysis may indicate specific regional risk factors which may be addressed in order
to reduce incidence. We found that cattle density was the primary risk factor for STEC
incidence in this region. Rurality and population density were also positively and
negatively correlated with incidence respectively.

Cattle density has repeatedly been found as significantly associated with STEC
incidence [22][23][24]. One German study indicated increasing risk associated with
increasing cattle density [22]. This is significant since Ireland plans to increase milk and

beef production over the next 10 years as part of the Food Wise 2025 strategy [25] - the



194  national dairy herd is set to increase from 1.3 million animals in 2016 to 1.7 million by
195 2025 [26]. Such an increase may impact on the incidence of STEC infection in areas with
196  ahigh density of livestock farming. Previous work on risk factors for STEC infection in
197  Ireland has indicated that as well as cattle density, domestic wastewater treatment and
198  private well usage are significantly associated with STEC infection [9]. The study region
199  in the west of Ireland is primarily rural with a low population density. However, factors
200 that may be indicated in increased STEC incidence risk such as domestic wastewater
201  treatment and private well usage did not appear as significant. This may indicate that
202  contact with the zoonotic ruminant host and its waste is the primary risk factor in this
203  region. The west of Ireland has almost a quarter of all farms in Ireland, a lower than
204  average farm size but less than 10% of the country’s population [10, 11]. Management
205  of cattle to prevent onward transmission of this zoonosis may prevent a significant

206  amount of human disease. This could include herd vaccination [27]; genome sequencing
207  can identify lineages of STEC within cattle with higher zoonotic potential intelligently
208 guiding prevention measures such as selective herd vaccination [28].

209 This work has a number of limitations. The cases’ geocode ED level related to
210 residential address but it is possible the exposure may have occurred elsewhere.

211  However, it is likely that the majority of cases will have acquired the infection in their
212 own locale and the use of all confirmed case data over a seven-year period should

213 reduce the effects. Also, not using data from cases within an ED within a month from a
214  ‘primary case’ will reduce the effects of outbreaks and person-to-person transmission
215  on the data which may include outbreaks originating from outside a primary case’s ED.
216 This work has provided further evidence of the key role cattle play in the

217  transmission of STEC to humans. Since the agricultural sector plays a particularly

218 important role in the Irish economy and will grow in the coming years it will be
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important to have in place means of managing the sector from a public health
standpoint also. ‘One Health’ is a concept that recognises that “human health and animal
health are interdependent and bound to the health of the ecosystems” [29]. Our findings
demonstrate this interdependence with respect to STEC and emphasizes the need to
link agricultural policy and practice with impact on human health at a local area level.
As incidence can vary significantly within a country/county, mapping can be used to

target interventions and monitor outcomes.

5. Conclusions
STEC incidence in this region shows striking local variation and this variation is related
to cattle density. GIS should be applied more generally to map local variation in

zoonotic disease incidence, to target interventions and to monitor outcomes.
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310  Fig. 1: Incidence per 1000 of confirmed Shiga-toxigenic E. coli cases in study region 2009-
311 2015 inclusive (n=379).
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314  Fig. 2: Anselin’s Local Moran’s I cluster analysis (n=379).
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316  Fig. 3: Getis-Ord Gi* ‘Hotspot’/’Coldspot’ analysis for all cases (n=379).

317 Tables
318

319 Table I: Variable Definitions and Sample Descriptive Statistics

Variable Name Variable Description Mean (SD) or %
Dependent Variable
STEC Rate STEC incidence rate (cases per 1,000 population) 0.946 (1.568)

Potential Predictors

Cattle Density Number of cattle per km? 74.313 (46.031)
Sheep Density Number of sheep per km? 90.328 (91.853)
Private Water Source  Percentage of households with a private water source 0.320 (0.261)

Septic Tank Density Percentage of households with a septic tank 0.741 (0.262)



320
321
322
323

324

325

Deprivation Relative deprivation (Trutz Haase Index) -6.730 (3.450)

Population Density Number of persons per km? 138.829 (516.467)
Rurality = Rural ED 90.56%
= Urban ED 9.44%

Source: Analysis of hospital records, Census of Population 2011 data (CSO, 2011), Census of Agriculture 2010 data (CSO,
2012), data from Haase et al. (2014) (Haase et al., 2014) and Teljeur and Kelly (2008) (Teljeur and Kelly, 2008).
Note: All variables are calculated at ED level.
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326 Table 2: Pairwise (Pearson) Correlations between STEC Incidence Rate and

327 Potential Predictors

Variable Name

Cattle Density

Sheep Density

Private Water Source

Septic Tank Density

Deprivation Index

Population Density

Rurality

Observations

328

Correlation (Significance Level)

0.1816 (0.0000)

0.0314 (0.4849)

0.0478 (0.2875)

0.0017 (0.9697)

-0.0482 (0.2834)

-0.0831 (0.0638)

0.0977 (0.0293)

498

329 Source: Analysis of hospital records, Census of Population 2011 data (CSO, 2011), Census of Agriculture 2010 data (CSO,

330  2012), data from Haase et al. (2014) (Haase et al., 2014) and Teljeur and Kelly (2008) (Teljeur and Kelly, 2008).

331 Note: All variables are calculated at ED level.
332

333
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335
336
337
338
339
340
341

342

343

344

345

Table 3: Regression Model of STEC Incidence Rates at ED Level

Variable Coefficient Standard Error
Cattle Density 0.0062 0.0015
Constant 0.4859 0.1314
Observations 498

p-Value

0.0000

0.0000

Source: Analysis of hospital records, Census of Population 2011 data (CSO, 2011), Census of Agriculture 2010 data (CSO,

2012), data from Haase et al. (2014) (Haase et al., 2014) and Teljeur et al (2008) (Teljeur and Kelly, 2008).

Note: The model is a stepwise (backward selection) multivariable linear regression model, applying a 5% significance level
for removal. This means that only variables found to be statistically significant at the 5% level are included in the final

model. All analysis conducted at ED level.
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