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Environmental Protection Agency

The EPA is responsible for protecting and improving
the environment as a valuable asset for the people of
Ireland. We are committed to protecting people and
the environment from the harmful effects of radiation
and pollution.

The work of the EPA can be divided into
three main areas:

Regulation: Implementing regulation and environmental
compliance systems to deliver good environmental outcomes
and target those who don't comply.

Knowledge: Providing high quality, targeted and timely
environmental data, information and assessment to inform
decision making.

Advocacy: Working with others to advocate for a clean,
productive and well protected environment and for sustainable
environmental practices.

Our Responsibilities Include:

Licensing

> Large-scale industrial, waste and petrol storage activities;
> Urban waste water discharges;

> The contained use and controlled release of Genetically
Modified Organisms;

Sources of ionising radiation;

Greenhouse gas emissions from industry and aviation
through the EU Emissions Trading Scheme.

National Environmental Enforcement

> Audit and inspection of EPA licensed facilities;

> Drive the implementation of best practice in regulated
activities and facilities;

> Oversee local authority responsibilities for environmental
protection;

> Regulate the quality of public drinking water and enforce
urban waste water discharge authorisations;
Assess and report on public and private drinking water quality;
Coordinate a network of public service organisations to
support action against environmental crime;

> Prosecute those who flout environmental law and damage
the environment.

Waste Management and Chemicals in the Environment

> Implement and enforce waste regulations including
national enforcement issues;

> Prepare and publish national waste statistics and the
National Hazardous Waste Management Plan;

> Develop and implement the National Waste Prevention
Programme;

> Implement and report on legislation on the control of
chemicals in the environment.

Water Management

> Engage with national and regional governance and operational
structures to implement the Water Framework Directive;

> Monitor, assess and report on the quality of rivers, lakes,
transitional and coastal waters, bathing waters and
groundwaters, and measurement of water levels and
river flows.

Climate Science & Climate Change

> Publish Ireland’s greenhouse gas emission inventories
and projections;

> Provide the Secretariat to the Climate Change Advisory Council
and support to the National Dialogue on Climate Action;

> Support National, EU and UN Climate Science and Policy
development activities.

Environmental Monitoring & Assessment

> Design and implement national environmental monitoring
systems: technology, data management, analysis and
forecasting;

> Produce the State of Ireland’s Environment and Indicator
Reports;

> Monitor air quality and implement the EU Clean Air for Europe
Directive, the Convention on Long Range Transboundary Air
Pollution, and the National Emissions Ceiling Directive;

> Oversee the implementation of the Environmental Noise
Directive;

> Assess the impact of proposed plans and programmes on
the Irish environment.

Environmental Research and Development
> Coordinate and fund national environmental research activity
to identify pressures, inform policy and provide solutions;

> Collaborate with national and EU environmental research
activity.

Radiological Protection

> Monitoring radiation levels and assess public exposure
to ionising radiation and electromagnetic fields;

> Assist in developing national plans for emergencies arising
from nuclear accidents;

> Monitor developments abroad relating to nuclear installations
and radiological safety;

> Provide, or oversee the provision of, specialist radiation
protection services.

Guidance, Awareness Raising, and Accessible Information

> Provide independent evidence-based reporting, advice
and guidance to Government, industry and the public on
environmental and radiological protection topics;

> Promote the link between health and wellbeing, the economy
and a clean environment;

> Promote environmental awareness including supporting
behaviours for resource efficiency and climate transition;

> Promote radon testing in homes and workplaces and
encourage remediation where necessary.

Partnership and Networking

> Work with international and national agencies, regional
and local authorities, non-governmental organisations,
representative bodies and government departments to
deliver environmental and radiological protection, research
coordination and science-based decision making.

Management and Structure of the EPA

The EPA is managed by a full time Board, consisting of a
Director General and five Directors. The work is carried out
across five Offices:

. Office of Environmental Sustainability

. Office of Environmental Enforcement

. Office of Evidence and Assessment

. Office of Radiation Protection and Environmental Monitoring
. Office of Communications and Corporate Services
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The EPA is assisted by advisory committees who meet regularly
to discuss issues of concern and provide advice to the Board.
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Identifying pressures

Ireland regularly reports the highest annual crude incidence

of verotoxin-producing Escherichia coli (VTEC) enteritis and
cryptosporidiosis in Europe, with notified crude incidence rates typically
5-10 times the European average. Short-term hydrometeorological
conditions, elevated levels of pastoral agriculture and high reliance

on septic tanks and private domestic groundwater sources have

long been acknowledged as drivers of the transmission of infectious
waterborne diseases. In addition, extreme weather events, including
flooding, have been identified as the source of numerous outbreaks.
Recent forecasts indicate that Ireland is particularly likely to experience
significant hydrometeorological pattern changes due to global
warming, with a 2-3°C increase in average temperature expected by
2100, in concurrence with higher winter rainfall, significantly drier
summers and an increased frequency of extreme weather events.
These changes are likely to increase the incidence of environmentally
acquired, and particularly waterborne, infections across the country.
However, to date, no study has sought to investigate the concurrent
influence of shifting socioeconomic, environmental, meteorological and
infrastructural profiles on these infections in Ireland. The STEP_WISE
project seeks to address this knowledge gap by increasing current
scientific understanding of the spatiotemporal mechanisms associated
with waterborne VTEC enteritis and cryptosporidiosis in Ireland, and
translate findings into enhanced environmental, infrastructural and
healthcare policies.

Informing policy

Recent estimates suggest the annual cost of gastroenteric

infection in Ireland surpasses €150 million, with VTEC infection and
cryptosporidiosis the most frequently reported bacterial and protozoan
infections, respectively. Transmission sources, pathways and source—
pathway interactions associated with both infections in Ireland are
multifaceted, resulting in a complex exposure profile. Sporadic cases

of infection are inherently difficult to attribute to specific risk factors
for reasons that include the absence of accurate date-of-onset

data, underreporting, misdiagnosis, myriad potential exposures and
surveillance limitations. The high proportion of sporadic infections
relative to total annual cases in Ireland, and their association with
environmental exposures, has made the spatiotemporal occurrence

of VTEC and cryptosporidiosis particularly important in public health.
Moreover, a notable urban—rural divide exists with respect to the
prevalence, frequency and severity of both infections, with the burden
of disease disproportionately borne by rural communities, placing a
significant strain on public health infrastructure in Ireland. Similarly, the
burden of both infections is markedly more prevalent among young
children (< 5 years) and older people (> 65 years), leading to reduced
productivity and increased economic burden among caregivers and the
Health Service Executive.

National, regional and local planning and investment decisions
pertaining to healthcare, infrastructure and climate resilience must
be based on robust scientific evidence, and must account for the
characteristic spatiotemporal diversity of Ireland.

Developing solutions

The STEP_WISE project investigated spatiotemporal patterns

of laboratory-confirmed primary cases of VTEC enteritis and
cryptosporidiosis in Ireland using, and subsequently developing,
multiple statistical tools. Three analytical approaches were employed,
as follows:

1. Focusing on “event based” meteorological impacts on infection,
the STEP_WISE project focused on a 6-week period in November
and December 2015, when a series of Atlantic storms caused
widespread pluvial and fluvial flooding. An ensemble of statistical
and time-series analyses were used to quantify the influence of
flood hydrometeorology on the incidence of confirmed infections.
Excess cases of VTEC enteritis were geographically associated with
the midlands, while cryptosporidiosis clusters were widespread.
Models showed a clear association between rainfall, surface water
discharge, groundwater levels and infection incidence, with lagged
associations from 16 to 20 weeks particularly strong. All three
hydrometeorological variables were associated with the increase
in cryptosporidiosis during April 2016, while only surface water
discharge was associated with VTEC enteritis.

2. Random forest classification was used to identify associations
between individual components of a national deprivation index and
spatially aggregated cases of VTEC enteritis and cryptosporidiosis.
VTEC incidence was (negatively) associated with mean number of
persons per room and percentage of local authority housing in both
urban and rural areas, in addition to lower levels of educational
attainment in rural areas, while lower unemployment rates
were associated with both infections, irrespective of settlement
type. Lower levels of third-level education were associated with
cryptosporidiosis in rural areas only.

3. Entirely novel “space—time cluster recurrence” indices and a
decompositional clustering approach were developed for the study
of waterborne infections, with recurrent clusters of both infections
identified in three distinct geographical regions in the west and mid-
west, all primarily rural, and characterised by high reliance on private
groundwater sources and on-site domestic wastewater treatment
systems.
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Executive Summary

Ireland regularly reports the highest annual crude
incidence of verotoxin-producing Escherichia coli
(VTEC) enteritis and cryptosporidiosis in the European
Union. The STEP_WISE project investigated
spatiotemporal patterns of laboratory-confirmed
primary cases of VTEC enteritis and cryptosporidiosis
in Ireland using multiple statistical tools. As regards
VTEC enteritis, 2755 cases of infection over the period
January 2013 to December 2017 were georeferenced
to census small areas (SAs); overall, more than one
case was notified in 2340 (12.6%) of 18,641 SAs.

The highest case numbers were encountered in the
0-5 years age group (n=1101, 39.6%) and were
associated with serogroups 026 (n=800, 29%) and
0157 (n=638, 23.2%). Overall, 17 space—time clusters
were identified, ranging from two (in 2014) to five (in
2017) clusters of sporadic infection per year; recurrent
clusters were identified in three distinct geographical
regions in the west and mid-west, all primarily rural.

Between January 2008 and December 2017,

4509 cases of cryptosporidiosis infection were
georeferenced to a census SA, with an ensemble

of geostatistical approaches, including seasonal
decomposition, Anselin Local Moran’s / and space—
time scanning, used to elucidate spatiotemporal
patterns of infection. One or more confirmed cases
were notified in 3413 of 18,641 census SAs (18.3%),
with the highest case numbers occurring in the

0-5 years age range (n=2672, 59.3%). Sporadic
cases were more likely to occur in male patients [odds
ratio (OR) 1.4] and in rural areas (OR 2.4), whereas
outbreak-related cases were more likely to occur in
female patients (OR 1.4) and in urban areas (OR 1.5).
Altogether, 55 space—time clusters (=10 confirmed
cases) of sporadic cryptosporidiosis infection were
detected, with three “high-recurrence” regions
identified; no large urban conurbations were present
within recurrent clusters.

Focusing on “event-based” meteorological impacts
on infection, the STEP_WISE project focused on a
6-week period in November and December 2015,
when a series of Atlantic storms swept across the
country, causing widespread pluvial and fluvial
flooding. Flooding was particularly severe in the

X

west and midlands, with rainfall up to 200% above
normal in many regions, making it the wettest winter
ever recorded. While the infrastructural damage

and subsequent costs associated with flood events
have received, and continue to receive, widespread
attention, far less coverage is given to the associated
adverse human health effects. Accordingly, weekly
spatially referenced infection incidence data from
July 2015 to June 2016 were mapped and temporally
linked to weekly time series of cumulative antecedent
rainfall, surface water discharge, groundwater level
and high-resolution flood risk mapping.

An ensemble of statistical and time-series analyses
were used to quantify the influence of flood
hydrometeorology on the incidence of confirmed
infections. Seasonal decomposition (excluding
seasonal patterns and long-term trends) identified a
high residual infection peak during April 2016, with
space—time scanning used to identify the location,
size and temporal extent of clustering. Excess cases
of VTEC enteritis were geographically associated with
the midlands, while cryptosporidiosis clusters were
widespread. Generalised linear modelling of infection
locations showed that areas with a surface water
body exhibited significantly higher incidence of both
VTEC (OR 1.225; p<0.001) and cryptosporidiosis
(OR 1.363; p<0.001). ARIMA models show a

clear association between rainfall, surface water
discharge, groundwater levels and infection incidence,
with lagged associations from 16 to 20 weeks being
particularly strong, thus indicating a link between
infection peaks (April 2016) and the flood event that
began approximately 18 weeks earlier. All three
hydrometeorological variables were associated with
the increase in cryptosporidiosis during April 2016,
while only surface water discharge was associated
with VTEC enteritis.

Spatiotemporal analysis represents an important
indicator of infection patterns, enabling targeted
epidemiological intervention and surveillance.

The results presented may also be used to further
understand the sources, pathways and receptors,
and thus mechanisms, of cryptosporidiosis and VTEC
enteritis in Ireland. Study findings may be employed
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for improved risk communication, risk management
and surveillance to safeguard public health after large
hydrometeorological events.

Overall, the STEP_WISE project achieved the
following research goals:

e synthesis of current and emerging sources,
pathways and receptors of environmentally
acquired enteric infection, including identification
of existing and required national datasets for
comprehensive elucidation;

e development of a unique geolinked spatiotemporal
dataset comprising “gold standard” laboratory-
confirmed enteric infection data and associated
drivers and pressures;

e development of calibrated and validated

geostatistical models elucidating the sources,
pathways and receptors, and thus mechanisms,
of environmentally acquired enteric infection in
Ireland over a 10-year period;

creation of spatial “hotspot” maps of infection
risk in Ireland, including scenario analyses of
temporally variable drivers and pressures, such as
meteorology, flooding and land use changes;
development of robust evidence-based
recommendations for effective environmental
and healthcare policy, legislative compliance,
and spatiotemporally focused environmental
monitoring in Ireland.



1 Introduction

Two of the principal goals of Healthy Ireland 2013-
2025 are reducing the prevalence of health inequalities
(goal 2) and protecting the public from threats to health
and wellbeing (goal 3) through ensuring that Ireland
possesses effective strategies and interventions

to protect the public from existing and emerging
threats (Department of Health, 2013). The health

of any population is inextricably linked to a healthy
environment, including the availability of clean water.
This is particularly true in Ireland, which currently
reports the third highest annual freshwater abstraction
rate per inhabitant (141 m?) in the European Union
(EU) (Stavenhagen et al., 2018). For this reason,
environment-associated infectious diseases, including
those driven by climate change, represent a critical
challenge for public health in Ireland, as their source
and transmission are frequently sporadic and
associated mechanisms are not well understood
(Portier et al., 2013; Wu et al., 2016; Murphy et al.,
2017).

Over the past decade, Ireland has persistently
reported the highest incidence of symptomatic
verotoxin-producing Escherichia coli (VTEC) infection
in the EU (Hynds et al., 2014a; Garvey et al., 2016a),
with national incidence significantly increasing over
the same period. Confirmed VTEC cases increased
from 65 cases in 2004 to 839 in 2016; 82% of

cases were associated with rural exposure, 38%
(313 cases) led to hospitalisation and six people died
due to infection sequelae (Garvey et al., 2016a).

A quantitative risk analysis by Hynds et al. (2014a)
estimated that the incidence of acute gastrointestinal
infection in Ireland is approximately 4.4 times

higher among rural dwellers than among their urban
counterparts, thus highlighting a significant current
health inequality. Waterborne transmission of VTEC
through untreated (and unlegislated) private water
wells has been documented as a likely infection
pathway in rural regions of Europe, North America
and Africa, with both cattle and on-site domestic
wastewater treatment systems (OSWTSs) identified
as likely sources of VTEC contamination (O’Sullivan
et al., 2008; OhAiseadha et al., 2017).

Similarly, a study in Ireland has presented evidence
of the widespread presence of bacterial (E. coli)
resistance to a panel of both human (=20%) and
veterinary (>90%) antimicrobial medications in private
groundwater sources in the rural mid-west region
(O’Dwyer et al., 2018). Thus, it may be concluded that
both OSWTSs and agricultural effluents contribute
(oftentimes concurrently) to contamination of drinking
water sources in Ireland by faecal bacteria, with the
presence of antimicrobial resistance representing a
particular concern with respect to human health in
rural Ireland. Likewise, a recent systematic review of
groundwater contamination in North America found
that OSWTSs and public wastewater treatment plants
(WWTPs) have been the most frequently reported
confirmed or probable source of subsurface pathogens
over the past three decades (Hynds et al., 2014b).
However, the relative contribution of these sources
and pathways to VTEC infection and their temporal
significance remains unknown.

The crude incidence of confirmed cryptosporidiosis
infection has remained relatively consistent

over the past decade in Ireland, ranging from
11.0/100,000 in 2004 to 13.2/100,000 in 2018 (HPSC,
2019a). However, the Galway Cryptosporidium
hominis outbreak of 2007, attributed to insufficient
wastewater treatment and subsequent surface
ingress, serves as a stark reminder of the potential
disruption to both health and prosperity resulting from
cryptosporidiosis outbreaks. The Galway outbreak
comprised >242 confirmed laboratory cases, costing
the state an estimated €19 million, with an extended
boil water notice (158 days) affecting approximately
120,000 people (Chyzheuskaya et al., 2017). To
date, numerous studies have examined the routes

of environmental exposure to Cryptosporidium spp.,
and have identified farmyards, WWTP effluents and
septic tank effluents as likely sources (Efstratiou et al.,
2017; Toledo et al., 2017), and both surface water
(Dreelin et al., 2014) and groundwater (Daniels et al.,
2018) as probable transmission routes (pathways).
Recent work has shown that insufficient (waste)water
treatment or treatment failure represents a major driver
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of cryptosporidiosis outbreaks in Europe, with the

risk of further outbreaks in Ireland most significantly
associated with treatment efficacy (Spearman’s non-
parametric rho (r,)=0.32), individual consumption
rates (r,=0.29) and raw water (groundwater or surface
water) quality (r;=0.19) (Cummins et al., 2010). To
date, no integrated epidemiological investigation of the
spatiotemporal mechanisms associated with confirmed
cryptosporidiosis infection has been undertaken in
Ireland.

Recent climate projections indicate that the incidence,
severity and timing of extreme rainfall events and
flooding will increase dramatically over the next
century, with Ireland the second most affected
European country in terms of the mean proportion

of the population residing in flood-prone areas by
2100 (Arnell and Gosling, 2016). Compounding

this, recent work has shown that waterborne VTEC
enteritis outbreaks are significantly associated with
persistent, high-intensity antecedent rainfall in Ireland
(O’Dwyer et al., 2016). The government’s Food
Harvest 2020 Strategy envisages significant expansion
of livestock-based food production in Ireland as a
central part of its plan for economic growth (Kenny

et al., 2018), with the recent abolition of EU milk
quotas predicted to result in significantly increased
cattle densities in many areas, with a concomitant
increase in the risk of enteric infection associated with
areas under grazing and manure spreading in Ireland
(Brehony et al., 2018). Moreover, recent studies show
that geological setting has been associated with the
presence of (micro)pollutants in groundwater systems,
particularly those associated with karstified limestone
bedrock (Hynds et al., 2012; Morasch, 2013),
representing a significant pressure in Ireland owing to
the preponderance of karstic systems, which underlie
approximately 50% of the country.

Presently, the relative importance of waterborne
and other environmental routes of enteric pathogen
exposure is not precisely understood in Ireland. The
ubiquity of environmental sources and pathways,
including OSWTSs, private groundwater supplies
and animal-based agriculture, in rural Ireland makes
monitoring and evaluation an extremely difficult
task, particularly regarding diffuse contamination
sources and unregulated private water supplies
(Atherholt et al., 2015). Recent Irish studies report
that just 40% of wells undergo regular water testing,
while 65% of well users exhibit very low levels

of risk perception about potential contamination
events (Hynds et al., 2013; Mooney et al., 2021).
Furthermore, where testing does take place, “one-off”
sampling may be misleading and falsely reassuring,
as current microbiological testing (monitoring or
investigation) methods are associated with myriad
inherent limitations. Owing to the combined effects

of high reliance on private groundwater sources,

the ubiquity of OSWTSs and pastoral agriculture, a
temperate maritime climate, unique rural and peri-
urban settlement patterns, and diverse bedrock and
Quaternary geology, the Ireland aquatic environment
may be considered the “perfect storm” with respect to
the occurrence and transport of waterborne pathogens
and subsequent endemic infection.

In 2015, the second Lancet Commission on Climate
Change and Health noted that the threat to human
health from climate change is so great that it could
undermine the last 50 years of gains in development
and global health (Wang and Horton, 2015). The
Water Joint Programming Initiative (launched in 2018)
has identified two paramount issues that warrant
dedicated research efforts: water quantity and quality;
and extreme events relating to water, including
climate, land use, waste management production and
agriculture. A panoply of economic, ecological, social
and technological challenges revolve around these two
issues, for which solutions are required.

Similarly, myriad Sustainable Development Goals
speak to the importance of the links between
environmental, ecological and human health,

and the significance of “place” regarding societal
equality, wellbeing and healthcare. These include
Goals 3 (Good Health and Wellbeing), 6 (Clean
Water and Sanitation), 10 (Reduced Inequality) and
13 (Resilience and Adaptive Capacity to Climate
Events). For example, the key objective of Goal 6 is
to achieve universal and equitable access to safe and
affordable drinking water for all, as measurable by the
proportion of the population using safely managed
drinking water services. Furthermore, in 2009,

the World Health Organization published detailed
guidance on the implementation of the drinking water
safety plan approach. The document, Water Safety
Plan Manual: Step-by-step Risk Management for
Drinking Water Supplies (Bartram, 2009), which has
been adopted by the EPA, has the primary objective of
protecting human health.



P, Hynds et al. (2018-W-MS-33)

Under Healthy Ireland, the national framework for
action to improve the health and wellbeing of people
living in Ireland, compliance with environmental and
water-related EU and national legislation represents
a key performance indicator of a healthy Ireland.

A focus on research is a critical feature of this
initiative to ensure that interventions, programmes,
and communication and funding strategies are

based on robust evidence about the determinants of
environmental and public health and the best-practice
approaches in addressing them. The STEP_WISE
project directly responds to the aims of multiple
national and international strategies and interventions,
and will inform both environmental and human health-
related policy development and implementation in
Ireland through reviewing practices and emerging
pressures, generating robust scientific evidence,

and developing models and visualisation tools for
spatiotemporally focusing monitoring and compliance
efforts on the most vulnerable areas/regions and

susceptible subpopulations. The direct policy
implications arising from this “challenge-based” project
cannot be overstated, with the Water Framework
Directive, river basin management plans and the
EPA's State of the Environment Report, to name

a few, all likely to be influenced by this trans- and
interdisciplinary research.

The STEP_WISE project comprised six distinct work
packages for completion over a 24-month time frame,
with an overarching goal of using a “gold standard”
outcome variable (i.e. laboratory-confirmed cases

of VTEC infection and cryptosporidiosis) to improve
the health and wellbeing of both the environment
and the population, now and into the future.
Specifically, STEP_WISE aimed to increase scientific
understanding of the transmission and exposure
mechanisms associated with environmentally derived
infectious diseases, and translate findings into
improved environmental and healthcare policies,
interventions and compliance for Ireland.



2 Spatiotemporal Epidemiological Modelling of
Cryptosporidiosis Infections in Ireland

2.1 Introduction

Cryptosporidium is an oocyst-forming protozoan
parasite first identified as a causative agent of
gastrointestinal infection in the mid-1970s (Nime et al.,
1976). Cryptosporidiosis is associated with a wide
range of symptoms, including watery diarrhoea, weight
loss, vomiting, abdominal pain, nausea and fever
(Fayer and Ungar, 1986). In the most severe cases,
infection may lead to acute dehydration and death,
particularly among immunocompromised individuals,
including children aged <5years, the elderly (=65)
and patients with underlying health conditions

(i.e. immunosuppressed) (Chalmers and Caccio,
2016).

To date, approximately 40 genetically distinct
Cryptosporidium species have been identified,

with C. parvum and C. hominis the most frequently
confirmed species among cases of human infection
(Feng et al., 2018). Transmission typically occurs

via the faecal-oral route through consumption of
contaminated water or food, in addition to direct
human—animal contact and exposure to contaminated
environments, including recreational water (Chappell
et al., 2006; Putignani and Menichella, 2010; Chique
et al., 2020). A previous experimental study in healthy
adult volunteers found that ingestion of 30 oocysts is
sufficient to initiate infection, with a significantly lower
threshold dose (=10 oocysts) associated with specific
C. hominis and C. parvum strains (Chappell et al.,
20086).

Cryptosporidiosis occurs in both rural and urban
environments, with several studies indicating that

C. hominis is more frequent in urban areas (due to
increased rates of person-to-person transmission) and
that C. parvum predominates in rural areas (Putignani
and Menichella, 2010). Environmental transmission in
rural areas represents a particular concern because of
the ability of oocysts to survive for prolonged periods
in the natural environment (e.g. soil, water) owing to
temperature buffering and high humidity (Thompson
et al., 2016).

Human cryptosporidiosis became a notifiable

disease in Ireland on 1 January 2004, under the
Infectious Diseases (Amendment) (No. 3) Regulations
2003 (S.I. No. 707 of 2003). All medical practitioners
are required to notify the regional Medical Officer

of Health/Director of Public Health of all confirmed
cases. According to the most recent European

Centre for Disease Prevention and Control (ECDC)
report, Ireland consistently reports the highest crude
incidence rate (CIR) of confirmed cryptosporidiosis
infection in the EU (ECDC, 2019a). For example,
during 2017 Ireland reported a cryptosporidiosis CIR
of 12.0/100,000 residents, compared with an EU mean
CIR of 3.2/100,000.

Unlike other gastroenteric infections (e.g. giardiasis),
cryptosporidiosis in Ireland is primarily associated with
domestic (indigenous) exposure and transmission. For
example, 81% (556/629) of confirmed cases during
2018 were identified as sporadic domestic cases, 12%
(n=73) were associated with a recognised cluster/
outbreak, and travel-related cases accounted for 7%
(n=43) of the total case number (HPSC, 2019a). While
several studies have examined the likely routes of
exposure to Cryptosporidium spp. in Ireland (e.g. Zintl
et al., 2009; Cummins et al., 2010) few epidemiological
investigations of the spatiotemporal dynamics of
confirmed cryptosporidiosis infection have been
undertaken. This represents a significant knowledge
gap with respect to understanding pathogen sources
and pathways, particularly in the light of the endemic
nature of cryptosporidiosis in Ireland. An improved
mechanistic understanding of infection occurrence
would enable earlier detection, enhanced surveillance,
and more focused public health and healthcare
policies.

The current study sought to explore the temporal and
spatial patterns of domestically acquired (sporadic
and outbreak-related) cases of cryptosporidiosis in
Ireland via identification of infection clustering. To
accurately describe the epidemiological patterns of
this important zoonotic parasite, the study integrated
several modelling approaches, including seasonal
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decomposition, spatial autocorrelation (Anselin Local
Moran’s /), hotspot analysis (Getis-Ord Gi*) and
space—time scanning with a large georeferenced
dataset of confirmed cryptosporidiosis cases (n=4509)
over a 10-year period (2008-2017). To the authors’
knowledge, this represents the first spatiotemporal
study of its kind in Ireland, which, as previously noted,
exhibits the highest national cryptosporidiosis infection
CIRs in the EU.

2.2 Methods

2.2.1 Data collection and processing

Irreversibly anonymised cases of cryptosporidiosis
reported by regional departments of public health
between 1 January 2008 and 31 December 2017 were
sourced from the national Computerised Infectious
Disease Reporting (CIDR) database. Data prior to
2008 were excluded, to avoid potential bias being
introduced by the large number of cases reported
during the 2007 Galway outbreak. Data on all
confirmed cases, including patient-specific data

[age, gender, date of reporting, and case outcome
(severity)], were geospatially linked to the geographical
centroid of their associated census small area (SA)
(the smallest administrative unit currently employed for
census reporting in Ireland) using the Health Service
Executive (HSE) Health Intelligence Unit’'s geocoding
tools.

Sporadic, outbreak-related and travel-related (non-
outbreak) cases were defined and discretised for
analysis. Outbreak-related cases are defined as
confirmed cases with an attached “CIDR outbreak
ID”, used for identifying cases associated with a
recognised infection outbreak or cluster. Travel-related
cases are specifically categorised for purposes

of analytical exclusion or adjustment (i.e. national
reporting) and defined as any patient self-reporting
travel outside Ireland within the likely incubation
period. Sporadic cases were subsequently delineated
via exclusion of the two previous categories from the
total case dataset. All case data and analyses were
granted full research ethics approval by the Royal
College of Physicians of Ireland Research Ethics
Committee (RCPI RECSAF_84).

As cryptosporidiosis case numbers in Ireland are
highest among children <5 years of age and in
rural areas (HPSC, 2019a), specific analyses were

undertaken with respect to case age (<5 years,

26 years) and land use classification (rural/urban).
The Central Statistics Office (CSO) censuses

of 2011 and 2016 were used to extract electoral
division (ED)- and SA-specific human population
counts, permitting calculation of cryptosporidiosis
incidence at both spatial (administrative unit) scales.
The CSO’s 14 urban/rural categories were used to
classify each spatial unit as rural or urban. Population
density and settlement size were employed to verify
all classifications. For reporting purposes within

the current report, Ireland has been delineated into
eight distinct geographical zones (Figure 2.1). Zone
NE (corresponding to Northern Ireland) is located
outside Irish public health legislative jurisdiction and
was not included for analyses. Pearson’s x? test

with Yates’ continuity corrections and Fisher’s exact
test (where any cell had fewer than five cases) were
used to test for association between categorical case
classifications.

2.2.2  Seasonal decomposition

Seasonal decomposition was carried out using
seasonal and trend decomposition via the locally
estimated scatterplot smoothing (LOESS) (STL)
method on different subsets of the case dataset,

e.g. sporadic cases, outbreak-related cases, cases in
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Figure 2.1. Geographical zones of the island of
Ireland.
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children <5 years of age, cases in people 26 years

of age, travel-related cases and cases in urban

versus rural areas. The monthly incidence of infection
was calculated for each case subcategory. The STL
method decomposes incidence data (Y) time series
into three separate component series: seasonal
variation (S ), overall trend over time (T ) and residuals
(R,), whereby the incidence data are equal to the sum
of all three trends denoted by (Cleveland et al., 1990):

YV: TV+ SV+RV

An additive seasonal decomposition formula was
used, as opposed to a multiplicative one, to remove
seasonality (S,) and trend (T, ) from the overall time
series (Y,) and filter random variation from long-term
trends given by the residuals (R ), so that residuals
(R,)=time series (Y, )—seasonal trend (S )—trend (T ).

2.2.3  Spatial autocorrelation

The total number of sporadic cryptosporidiosis cases,
the number of sporadic cases among children aged
<5 years, the number of sporadic cases among people
aged =6 years and the number of outbreak-related
cases were mapped to individual SA centroids.
Age-adjusted infection rates within each subcategory
were calculated at both SA and ED level, based on
2011/2016 census data. Outbreak-related infection
rates were calculated as a proportion of overall cases
within each SA and ED. Data aggregation and infection
rate calculation were conducted in R statistical
software version 3.6.0 (R Foundation for Statistical
Computing, Vienna, Austria). Anselin Local Moran’s /
was employed for spatial autocorrelation.

Anselin Local Moran’s | focuses on the relationship of
individual features with nearby features and assigns
clusters based on variance assigned to individual
spatial units, thus negating the assumption underlying
the Global Moran’s / statistic that a single statistic
appropriately accounts for clustering and dispersion
of the spatial distribution of infection across the

entire study area (Anselin et al., 2002). The Anselin
Local Moran’s [ statistic is calculated by generating

a neighbour list of spatially proximal SAs or EDs and
calculating spatial autocorrelation of similar infection
rates as a function of distance bands, thus identifying
localised clusters, which are correlated based on

the variance assigned to all individual spatial units
(Anselin et al., 2002; Mao et al., 2019). Clusters of
high infection rates surrounded by high infection

rates (H-H); low infection rates surrounded by low
infection rates (L—L); outliers of high infection rates
surrounded by low infection rates (H-L); and low
infection rates surrounded by high infection rates
(L—H) are subsequently identified. Local Moran’s /
values were calculated using the cluster and analysis
tool in ArcGIS version 10.6 (ESRI, Redlands, CA,
USA), which generates a Moran’s / statistic, z-score
and pseudo p-value for each spatial unit. A positive

I value is indicative of spatial units with a high or low
infection rate, surrounded by SAs or EDs with similarly
high or low infection rates. Conversely, a negative /
value indicates outliers of infection where an SA or ED
with a high rate of infection is surrounded by SAs or
EDs with low rates of infection, and vice versa (Anselin
et al., 2002).

2.2.4  Hotspot analysis (Getis-Ord GI*)

Hotspot analysis was carried out for all sporadic
cases, sporadic cases among children aged

<5 years, sporadic cases among people =6 years
and outbreak-related cases by calculating spatially
specific Getis-Ord GI* statistics in ArcGIS. The
Getis-Ord Gi* statistic is calculated for each feature
(SA or ED) in the dataset, generating a unit-specific
z-score and p-value, used to statistically determine
significant spatial clustering of features in the dataset
(Guo et al., 2017). Statistically significant clusters

are characterised as clusters that have high values
surrounded by SAs or EDs with similarly high values,
and low values surrounded by SAs or EDs with
similarly low values (Varga et al., 2015). Hotspots and
cold spots of infection are determined based on the
spatial proximity of high/low values statistically similar
to neighbouring features. In contrast to Anselin Local
Moran’s [ statistic, clusters based on the Getis-Ord GI*
statistic are determined by comparing the sum of local
features and their neighbours with the overall sum

of all features. Getis-Ord GI* statistics were used to
examine whether differing statistical analyses of spatial
clustering of infection between spatial units yield
varying results. The Getis-Ord GI* statistic is given as
(Varga et al., 2015):

n n
2 wix—X 2wy
= =

| L2l |
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where X; is the attribute value for feature j, w, is the
spatial weight between feature i and j, n is equal to the
total number of features and:

2.2.5 Space—time scanning

Space—time scanning was undertaken using SaTScan
v 9.6 software (Kulldorff and Information Management
Services, Inc., MA, USA). SaTScan detects spatial
clusters of areal units (i.e. SAs/EDs) by imposing an
infinite number of overlapping circular (or elliptical)
scanning windows of predetermined sizes across

a defined geographical area (Kulldorff et al., 2005).
Temporal clusters were simultaneously assessed
using the scan statistic, which includes an infinite
number of overlapping cylindrical windows defined

by a base (spatial scan) and height (temporal scan)
statistic (Linton et al., 2014). A discrete Poisson model
was employed for space—time scanning to account
for the high-resolution spatial scale (n=18,488 SAs),
resulting in high zero/one inflation (i.e. high numbers
of SAs with zero cases or one case). A case threshold
of 10 cases (minimum) per cluster was selected to
ensure that identified clusters were significant, i.e. to
avoid single-household clusters. Similarly, a maximum
population at risk (PAR) value of 10% was employed
concurrently with a maximum cluster radius of 50 km
to account for low case numbers within individual SAs.

Data were aggregated at a monthly scale, with
maximum cluster duration set to 3 months to account
for the known seasonal variation in cryptosporidiosis in
Ireland.

SaTScan analyses produce two primary outputs:

a spatial cluster location(s) (cluster centroid and
diameter) and descriptive cluster data (start/end dates,
total population, number of observed and expected
cases, relative risk, and p-value). The authors have
developed a novel mapping approach for representing
SaTScan results, whereby all significant clusters
(p<0.05) are selected and mapped in ArcGIS

(ArcGIS 10.6), with binary cluster location [i.e. cluster
membership (0/1)] for annual space-time scans
summed at the CSO SA scale. The final mapping
provides a “cluster recurrence” index ranging from

0 to 10 (i.e. annual absence/presence of cluster over
the 10-year study period).

2.3 Results

2.3.1 Occurrence of cryptosporidiosis
infection in Ireland (2008-2017)

The dataset comprised 4633 confirmed cases

of cryptosporidiosis from 2008 to 2017, of which

4509 cases (97%) were successfully geolinked to

a distinct spatial unit (SA/ED centroid). Overall,

1964 EDs (58% of 3409), 3413 SAs (18.3% of 18,488)
and all (26/26) Irish counties were associated with at
least one confirmed case. Most cases were associated
with children aged <5 years (n=2672, 59.3%)

(Figure 2.2), with the reported incidence rate across all
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Figure 2.2. Cryptosporidiosis cases in Ireland by age and gender (2008—2017). Note that the discrepancy
between the total number of cases and total number of cases by age group and gender is a result of
missing variables within acquired surveillance datasets. n, number; U, unclassified.
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case types being slightly higher among males (53%) Temporal cumulative incidence (Figure 2.3) indicates a
than among females (Table 2.1). marked annual peak in cases in late spring (n=1812),
with the highest incidence occurring during April
(n=916). The lowest cumulative incidence was
recorded during the winter months (November to
January) (n=493), with the lowest incidence recorded
in January (n=136). Case numbers peaked in

2017 (n=584).

As shown in Table 2.1, sporadic cases were
statistically more likely to occur in males [odds ratio
(OR) 1.4; 95% confidence interval (Cl) 1.2—1.6] and
children <5 years of age (OR 1.5; 95% CI 1.3-1.8) and
in areas categorised as rural (OR 2.4; 95% Cl 2-28).
Conversely, outbreak-related cases were more likely
to occur in females (OR 1.4; 95% Cl 1.2-1.7) and in
urban areas (OR 1.5; 95% CI 1.3-1.9). Travel-related 2.3.2  Seasonal decomposition
cases were more likely to occur in females (OR 1.3;
95% CI 1-1.6), people >5 years of age (OR 2.4; 95%
Cl 1.5-3.1) and those resident in an urban conurbation
(OR 3.6; 95% Cl 2.8-4.6).

Seasonal decomposition of sporadic infection over
the 10-year study period indicates a clear seasonal
peak in mid-spring (April) annually (Figure 2.4).
Residual trends show a generally consistent annual

Table 2.1. Pearson x? test results for cryptosporidiosis cases in Ireland, by case type (sporadic, outbreak
related, travel related), gender, age and CSO classification

Sporadic Outbreak-related Travel-related
Total Total Total
cases, cases, cases,
Variable n (%) n (%) n (%)
Gender
Female 1735 (45.6) 0.72 1547 <0.001 224 (54.8) 1.41 10.64 0.001 157 (62.5) 1.27 3.71 0.054
Male 2066 (54.4) 1.38 185 (45.2) 0.71 142 (47.5) 0.78
Case age
<5 years 2325 (61.2) 1.51 25,50 <0.001 166 (40.6) 0.99 0.007 0.932 181 (60.5) 0.41 53.08 <0.001
>5 years 1476 (38.8) 0.66 243 (59.4) 1.01 118 (39.5) 2.39
CSO
classification
Rural 2502 (65.8) 2.36 110.5 <0.001 217 (53) 0.65 16.83 <0.001 101 (33.8) 0.28 111.77 <0.001
Urban 1299 (34.2) 0.42 192 (47) 1.54 198 (66.2) 3.57
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Figure 2.3. Temporal distribution of cryptosporidiosis cases in Ireland (2008-2017). Winter, 483 cases;
spring, 1812 cases; summer, 1249 cases; autumn, 653 cases.
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and long-term trend, with a notable peak of infection
in April 2016 (residual: +56). Outbreak cases exhibit

a similar seasonal trend to that of sporadic cases,
with annual peaks occurring in April followed by a
secondary peak in September. The overall long-

term trend in outbreak cases displayed a marked
increase during 2011, continuing until 2014. Residuals
calculated for outbreak cases point to more variation
in 10-year trends, with peaks observed during the late
winter/early spring months (January to March) of 2011,
2012 and 2017, while late spring/early summer peaks
(April to June) were observed in 2013.

A peak in outbreak-associated cases was also
observed during the winter months (October to
November) of 2013. There was an increasing trend
in the number/rate of travel-associated cases, with
an annual peak occurring in August/September. The
long-term trend exhibited a notable peak of infection
during April 2016 (residual: +56). Outbreak cases
exhibited a similar seasonal trend to that of sporadic
cases, with the main annual peak occurring in April
and a secondary peak in September. The overall

long-term trend in outbreak cases displayed a marked
increase during 2011, continuing until 2014. Residuals
calculated for outbreak cases point to more variation
in 10-year trends, with peaks observed during the late
winter/early spring months (January to March) of 2011,
2012 and 2017, while late spring/early summer peaks
(April to June) were observed in 2013.

A peak in outbreak-associated cases was also
observed during the winter months (October to
November) of 2013. The long-term trends varied
significantly between delineated age categories, with
considerably more variation noted among children

<5 years of age (Figure 2.5), albeit annual peaks
were observed among both age cohorts during

April of each year. Residuals again point to a large
transmission peak (residuals: +22, +34) within both
sporadic and outbreak cohorts during April 2016.
Annual decomposed patterns of infection show a peak
in April of each year, followed by a significantly smaller
peak during September, in both urban and rural areas
(Figure 2.6). Calculated residuals point to an infection
peak in April 2016 in both urban (+18) and rural
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(+38) areas, consistent with trends observed among
sporadic and age-delineated infection peaks.

2.3.3  Spatial autocorrelation

A significant H-H cluster of sporadic cases

was observed in the midlands (M) zone (‘M in

Figures 2.1 and 3.1), with a large L-L cluster identified
along the eastern seaboard (E), surrounding the
Greater Dublin urban area and commuter belt

(Figure 2.7a). L-L clusters were also observed in the
south (S) and south-east (SE) regions, near the urban
conurbations of Cork, Waterford and Limerick cities.
Smaller H-H clusters of infection were observed in the
S, SE and west (W) regions of the country, consistent
with an overarching urban/rural pattern. Notable L—L
outbreak-related case clusters were observed in the
east of the country surrounding Dublin city and in the
south surrounding Limerick city (Figure 2.7b).

Few H-H clusters were associated with outbreak-
related cases; however, H-H cases identified in the

M region were surrounded by L—H clusters, thus
indicating potential neighbouring outliers. H-H and L-L
clusters of infection in children aged <5 years followed
a broadly similar spatial pattern to that observed

within the sporadic case cohort, owing to the large
proportion of cases from this cohort in the total dataset
(Figure 2.7c). A large H-H cluster was observed in the
M region, with smaller H-H clusters again identified in
the S, SE and W regions.

L-L clusters of infection were also consistent with
sporadic case clusters and typically identified around
urban areas in the S and SE of the country. The spatial
distribution of infection cold spots (L-L) among people
aged >5 years (Figure 2.7d) followed a relatively
similar pattern of infection cold spots among sporadic
cases and paediatric (<5 years) cases (Figure 2.7¢).
However, the spatial distribution of infection hotspots
among people aged >5 years was markedly different
from that of sporadic and paediatric cases, with
smaller and more spatially dispersed hotspots
identified, primarily in the M and SW regions.

2.3.4  Hotspot analysis (Getis-Ord GI*)

Getis-Ord GI* analyses identified notable hotspots
among sporadic cases in the M region, east and
north-east of Galway city, with smaller hotspots also
evident in the M, S and SE regions (Figure 2.8a).
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Again, a spatially extensive cold spot was identified

in the E region, encompassing the Greater Dublin
metropolitan urban area, and in the S and SE

regions around Waterford, Limerick and Cork cities.
Conversely, outbreak-related hotspots were centred
around the border regions (e.g. Cavan, Monaghan)
and northern areas within the M region (e.g. Longford)
(Figure 2.8b).

The spatial distribution of hotspots and cold spots
among children aged <5 years again followed a
similar pattern to clustering of infection among all
sporadic cases (Figure 2.8c). Large hotspots were
observed in the M and S regions, with a previously
identified sporadic infection hotspot in the W region
demonstrating a significantly more pronounced
occurrence among the paediatric subpopulation
(north-east of Galway city). A large cold spot among
children aged <5 years was also observed in the
Greater Dublin area (E), albeit significantly reduced
when compared with that observed among all
sporadic infections. The spatial distribution of infection
hotspots and cold spots among cases aged <5 years
(Figure 2.8c) and cases aged >5 years (Figure 2.8d)
were markedly different.

2.3.5 Space—time scanning

Space—time clustering recurrence and cluster
temporality for sporadic cryptosporidiosis cases are
presented in Figure 2.9. Three primary hotspots were
identified: south-west and east of Limerick city (SW,
S, SE), and north-east of Galway city (M). Cold spots
were persistent along much of the eastern seaboard,
and particularly around the larger urban conurbations
of Greater Dublin and Cork city, as well in several
smaller areas along the western coastline.

The temporal window for space—time clusters mirrors
the general seasonal distribution of cryptosporidiosis
infection (section 3.2), with clusters most commonly
identified during the period from March to June and
peaking in April. Significantly lower levels of space—
time clustering of outbreak-related cases were found
(Figure 2.10), with the largest hotspots located in the
western and midlands regions (M, W), and a maximum
cluster recurrence of 30% (i.e. geographical area
included in three identified clusters over 10 annual
iterations). Two additional space—time clusters were
identified, one to the north-east of Cork city (S) and
one in County Donegal (N).
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Figure 2.7. Sporadic (a) and outbreak-related (b) cryptosporidiosis case clusters and outliers determined
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Figure 2.9. Space-time “cluster recurrence” index (0-10) for sporadic cryptosporidiosis cases in Ireland
(2008—-2017).
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Figure 2.10. Space-time “cluster recurrence” index (0—10) for outbreak-related cryptosporidiosis cases in
Ireland (2008-2017).
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Most (8/9) outbreak-related clusters were observed
from March to June, with one cluster occurring during
October/November (2013). Cluster index mapping
for the subpopulation aged <5 years mirrored that

of sporadic cases, with three primary hotspots
identified: one, again, occurred in a large area located
north-east of Galway city (M), while two “secondary”
(i.e. lower cluster recurrence indices) areas were
also identified, one south-west and one south-east
of Limerick city (SW, S) (Figure 2.11). The results

for the subpopulation aged >5 years point to a lower
level of clustering, with hotspots located south-west
of Limerick city (SW), and in the M and SE regions
(Figure 2.12).

2.4  Discussion
2.4.1 Occurrence of sporadic and outbreak-
associated cryptosporidiosis

The presented 10-year (2008—2017) nationwide
spatiotemporal analysis of confirmed cryptosporidiosis
in Ireland was undertaken to identify seasonal trends,
spatial clusters and areas of repeat infection. In this
study, cryptosporidiosis was shown to have a relatively
wide geographical distribution in Ireland, with 58%
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of EDs and 17% of SAs associated with at least one
confirmed case over the study period. CIRs of infection
exhibited a moderately increasing trend, with these
rates broadly mirroring those encountered in some
other European countries, such as Sweden, Denmark
and France (Stensvold et al., 2015; ECDC, 2019a).

The majority (59.3%) of sporadic cases of
cryptosporidiosis occurred in children aged <5 years,
which concurs with the findings of several previous
studies (Putignani and Menichella, 2010; Chalmers
and Caccio, 2016; Xiao et al., 2016); within this
cohort, cases among boys were more frequently
reported (OR 1.3873), potentially reflecting the
tendency of male infants to mount weaker immune
responses (Muenchhoff and Goulder, 2014) or their
enhanced susceptibility to environmental exposures
via gender-specific play. Conversely, girls accounted
for a significantly higher proportion of outbreak-related
cases of cryptosporidiosis, which may reflect higher
levels of direct contact (and subsequent transmission)
between female infants and parents/family members
(Painter et al., 2016).

A recent small-scale investigation of the regional
epidemiology of cryptosporidiosis in County Cork
demonstrated moderately increased infection rates
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Figure 2.11. Space—-time “cluster recurrence” index (0-10) for sporadic cryptosporidiosis cases in Ireland

among children aged <5 years (2008-2017).
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Figure 2.12. Space-time “cluster recurrence” index (0—10) for sporadic cryptosporidiosis cases in Ireland

among people aged >5 years (2008—-2017).

among people aged 20-34 years, suggesting

likely anthroponotic transmission via caregiver

contact with infected children (O’Leary et al., 2020).
Geographically, most sporadic cases (65.8%) occurred
in rural areas (x>=110.493, p<0.001; Table 2.1), where
approximately 37.3% of the Irish populace reside
(CSO, 2018). A previous study by Pollock et al. (2010)
in Scotland similarly found that C. parvum infection
was associated with areas characterised by lower
human population density and a higher ratio of farms
to humans, both indicators of rurality.

While the current study represents the first nationwide
study of the spatiotemporal epidemiology of
cryptosporidiosis in Ireland, this finding was expected,
and is likely to be attributable to increased exposure
to sources of Cryptosporidium spp. oocysts in

rural areas, including farmyard animals (Chalmers

et al., 2019), direct exposure to contaminated

surface water (Hamilton et al., 2018) and the use

of groundwater as a drinking water source (Chique

et al., 2020). Conversely, urban areas exhibited a
significantly higher secondary (OR 1.5383) and travel-
related (OR 3.5742) case occurrence, and may be
representative of C. hominis infections as opposed

to the agriculturally (rural) associated C. parvum;
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however, as data on Crytposporidium infections are
not disaggregated by species within the Irish disease
reporting system, this conclusion is somewhat
speculative.

2.4.2  Seasonal decomposition

Seasonal decomposition points to an overall
increasing temporal trend over the 10-year study
period (Figure 2.4), consistent with previously reported
trends in the west of Ireland over the period 2004—
2007 (Callaghan et al., 2009). Specifically, the annual
peak identified during April is consistent with previously
reported regional peaks (March/April; Callaghan et al.,
2009), in addition to those reported by Pollock et al.
(2010) in Scotland (April/May), which are likely to

be associated with agricultural cycles in temperate
regions, i.e. lambing/calving and manure spreading.
While not reported in the current study, seasonal
patterns may vary among differing Cryptosporidium
species; for example, C. hominis is more prevalent
during autumn in the UK and New Zealand (increased
travel and school/childcare attendance), whereas

C. parvum is more typically encountered during

spring in Canada, Ireland and the Netherlands. The
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secondary peak in outbreak-related cases observed
during September in Ireland (Figure 2.4) is consistent
with the bimodal pattern of C. hominis infection (with
peaks in August and October) observed in Scotland
(Pollock et al., 2010), and may reflect the increase in
national/international travel and children returning to
childcare after the summer break.

Seasonal decomposition also identified several
notable deviations from the overarching temporal trend
(i.e. residual peaks) that merit closer investigation,
particularly regarding dynamic drivers of exposure/
transmission, such as extreme weather events

(Jagai et al., 2009; Britton, 2010; Lal et al., 2012). A
marked residual (i.e. minus seasonal signal) identified
during April 2016 (Figure 2.4) warrants further
exploration with respect to dynamic meteorological
events, particularly considering severe temporally
associated flooding experienced across Ireland and
the UK (Barker et al., 2016). Winter 2015/2016 was
characterised by a succession (n=6) of Atlantic storms
across Ireland, resulting in exceptional and widespread
flooding, with all synoptic weather stations reporting
rainfall volumes significantly above their long-term
average (Barker et al., 2016), potentially resulting in an
increase in water-associated gastrointestinal infection.

Increases in storm water and surface run-off may
increase pathogen mobility in the natural environment,
thus exacerbating the likelihood of human infection
either directly (i.e. contaminated “raw” water and food)
or indirectly through water treatment failures. Notably,
the most significant outbreak of cryptosporidiosis in
Ireland, that which occurred in Galway during spring
2007, resulted from direct deterioration of source water
quality (Lough Corrib) coupled with inadequate water
treatment (Chyzheuskaya et al., 2017). Similarly, a
cryptosporidiosis outbreak that occurred during August
2013 in the city of Halle, Germany, began 6 weeks
after the river Saale overflowed into the floodplain

and parts of the city centre (Chalmers and Caccio,
2016), thus emphasising the (lagged) impact of local
meteorological conditions on the incidence of infection.

2.4.3  Spatial autocorrelation and hotspot

analysis

Incorporating a spatial dimension into investigations
of infectious disease epidemiology is of primary
importance considering the spatial variation of
environmental exposure, including factors such as
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land use, local climate and socio-economic status
(Congdon, 2016). This is particularly the case in
Ireland, which has previously been described as

“the perfect storm” in terms of potential gastroenteric
infection risk factors (O’Dwyer et al., 2018). The results
of Anselin Local Moran’s / statistics and the Getis-Ord
GI* statistic provided relatively similar spatial patterns.
High-incidence (H-H) clusters were identified in

the midlands (M), a predominantly rural area with

a high level of dependence on pastoral agriculture
and “private infrastructure” (e.g. one-off housing with
on-site wastewater treatment and domestic water
supplies).

Several previous studies have documented strong
associations between cryptosporidiosis and cattle
density (e.g. Pollock et al., 2010; Luffman and

Tran, 2014). Similarly, Borchardt et al. (2003) have
previously found a higher incidence of endemic
diarrhoeal infections in areas characterised by
elevated septic tank (OR 1.22) and private water
supply (OR 6.18) densities among a population-based
cohort in central Wisconsin. Low-incidence (L—L)
clusters were primarily located in the vicinity of Dublin
and other relatively large cities (Waterford, Cork,
Limerick, Galway), thus probably highlighting the
protective effect of urban living within the Irish context,
where reduced environmental exposure to pathogen
sources coupled with reduced pathogen transport

(i.e. treated drinking water supply) may reduce the risk
of exposure and subsequent infection (Lal, 2016).

Conversely, studies in other countries have shown that
rates of cryptosporidiosis are typically higher in urban
areas characterised by elevated human population
densities; for example, Cohen et al. (2008) reported
that higher population density and above-average
household sizes were associated with increased

odds of reported cases of cryptosporidiosis in
Massachusetts. Likewise, Greenwood and Reid (2020)
found that a majority of cryptosporidiosis clusters
identified across Queensland, Australia, from 2001 to
2015 centred on major and regional cities.

Both geostatistical techniques suggest that a disparity
exists between outbreak-related and sporadic case
clustering over the 10-year study period (Figures 2.7a
and b and 2.8a and b), with outbreak-related clusters
occurring in the north midlands and “border area”.
This was somewhat unexpected, particularly as the
aforementioned areas are traditionally characterised
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as having a relatively low population density, with
person-to-person transmission thus less likely within
the community.

2.4.4  Space—time scanning and cluster

recurrence

Space—time scan statistics detect temporally specific
clusters characterised by a significantly higher
observed case number than expected (e.g. space—
time randomness not present), based on calculated
baseline incidence (Kulldorff, 1999). The approach
employs a three-dimensional (cylindrical) scanning
window comprising both height (time) and space
(geographical area) (Kulldorff, 1999). Over the

past decade, space—time scan statistics have been
recognised as a powerful tool for endemic disease
surveillance and early outbreak detection (Tango

et al., 2011); however, to the authors’ knowledge,
this represents the first time it has been applied to
infectious disease incidence in Ireland.

A total of 69 space—time clusters (=10 confirmed
cases) were identified over the 10-year study period, of
which 55 (79.7%) were clusters of sporadic infection,
ranging from a minimum of four (7.3%) during

2017 to a maximum of seven (12.7%) during 2009.

No statistical association was found between annual
sporadic and outbreak-related cluster number during
the study period; however, development of the “cluster
recurrence” index permits identification of discernible
spatial and temporal patterns defining the formation of
clusters across the decade-long period. Three regions
exhibited particularly recurrent space—time clusters of
infection, with occurrences in at least 8 out of 10 years,
namely south-west and east of Limerick city (SW, S,
SE), and north-east of Galway city (M), with neither of
these conurbations located within a highly recurrent
region. The spatiotemporal frequency of space—time
clusters suggests the presence of persistent reservoirs
in these areas, thus maintaining community and/or
transmission pathways (Greenwood and Reid, 2020).

The proximity of large urban centres to each high-
recurrence region may reflect relatively narrow
transitional zones between urban fabric and populated
rural regions, i.e. rural commuter belts that remain
unserviced with respect to municipal wastewater
treatment and/or drinking supplies. Additionally,

all four regions are largely underlain by karstified
carboniferous limestone aquifers (Woodcock, 2009),
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which have previously been associated with the
presence of Cryptosporidium spp. in private and

small public drinking water supplies (Zintl et al., 2009;
Darnault et al., 2017). Conversely, the Greater Dublin
area, characterised by a large urban commuter belt,
spatially extensive consolidated bedrocks and a high
level of (waste)water infrastructure, did not exhibit any
space—time clusters over the study period.

A significant majority of space—time clusters occurred
over the 2-month period May—June, mirroring findings
from the overall case cohort and further highlighting
the likely association between agricultural cycles

and the incidence of infection in temperate regions
such as Ireland, Scotland and New Zealand (Pollock
et al., 2010; Khan et al., 2018). Additionally, Lal et al.
(2015) signalled a need to study the effect of spatial
and temporal variations in ecological and social

risk factors on the incidence of cryptosporidiosis

with specific emphasis on the potential for socio-
economic disadvantage to amplify disease risk

within populations, e.g. in areas of low educational
attainment and lower income levels, which are often
associated with rural living.

From a public health surveillance perspective,
identification of 55 space—time clusters of sporadic
cryptosporidiosis infection over a 10-year represents

a concern, while underscoring the major challenges
involved in decreasing the incidence of infection via
enhanced surveillance and subsequent intervention.
For example, during 2008, a spatially restricted space—
time cluster identified in the northern midlands was
characterised by approximately 17 times more cases
of infection than would be expected [relative risk (RR)
17.95] over a 3-month period (February—April), with

a number of identified space—time clusters occurring
over time periods as short as 4 weeks. This level of
clustering may suggest the need for new surveillance
and/or analytical methods to elucidate hitherto
unidentified sources and pathways of infection, and
identify space—time clusters while they exist, i.e. in real
time, or prospective scanning.

It is important to note that a lack of species
information, and particularly the inability to distinguish
between C. parvum and C. hominis, the two most
frequently encountered Cryptosporidium species in
Ireland, represents a study limitation. As previously
outlined, in Scotland, Pollock et al. (2010) found

C. parvum infection to be associated with lower
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population density and higher ratio of farms to
humans — both indicators of rurality — while C. hominis
was more likely to be found in increasingly urban
areas in central Scotland. Speciation would thus make
it easier to identify the socio-demographic influences
on rural/urban distribution. Further investigation is
required to elucidate potential sources and pathways
of infection with regard to livestock densities, climate,
hydrogeology and socio-economic status.

Despite surveillance of cryptosporidiosis being
mandatory in Ireland owing to its communicable
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disease status, the disease is widely considered

to remain under-reported in both Ireland and the

EU. The presented study represents a significant
advance in efforts to investigate the spatiotemporal
epidemiology of cryptosporidiosis with a view to further
elucidating pathways of infection to guide public health
interventions through an improved understanding of
its spatiotemporal occurrence, clustering mechanisms,
levels of recurrence, and associated drivers, pathways
and receptors.



3  Spatiotemporal Epidemiological Modelling of

VTEC infections in Ireland

3.1 Introduction

Over the last decade, Ireland has frequently

reported the highest incidence of VTEC infection

in the EU (HPSC, 2019b). The reported national

CIR of confirmed VTEC infections in Ireland during
2017 was 923 cases (16.6 cases/100,000 population),
equating to 10 times the EU average

(1.66 cases/100,000 population) (HPSC, 2019b;
ECDC, 2019b). Shiga toxin-producing E. coli

bacteria, of which there are > 100 serotypes, were
first discovered in 1977; the best-known VTEC

strain, E. coli O157:H7, was first recognised as

a pathogen in 1982. The Shiga toxin-producing

group of E. coli includes serotypes 0157 and 026,
and other enterohaemorrhagic E. coli bacteria;
serotypes are typically categorised by the presence of
stx1 or stx2 genes (Karmali et al., 2010). Shiga toxin-
producing E. coli and verotoxin-producing E. coli are
both referred to as VTEC in this report.

VTEC enteritis is associated with a wide range of
sequelae, from mild diarrhoea to haemorrhagic

colitis, haematochezia (bloody diarrhoea), thrombotic
thrombocytopenic purpura and haemolytic—uraemic
syndrome (HUS), which causes intravascular lysis of
red blood cells (Garvey et al., 2016b; ECDC, 2019b).
Infection is characterised by several transmission
routes, including consumption of contaminated

food and water, person-to-person contact or direct
contact with infected animals (Garvey et al., 2016b;
OhAiseadha et al., 2017). A recent study found that
the incidence of confirmed sporadic (i.e. non-outbreak)
VTEC 0157 infection in Ireland in 2008-2013 was
significantly elevated in regions characterised by high
reliance on private groundwater (OR 18.727; p<0.001)
and high livestock densities (OR 1.001; p=0.07)
(OhAiseadha et al., 2018).

Transmission sources, pathways and source—pathway
interactions associated with VTEC infection in

Ireland are multifaceted, resulting in a complex
exposure profile (Brehony et al., 2018). Sporadic
cases of infection are inherently difficult to attribute

to specific risk factors for reasons that include the

absence of accurate date-of-onset data, under-
reporting, misdiagnosis, myriad potential exposures
and surveillance limitations (Hynds et al., 2014b;
OhAiseadha et al., 2017; Brehony et al., 2018).

Of 2210 confirmed VTEC enteritis cases reported

in Ireland over the period 2008—2013, a total of
1264 (57.2%) were defined as sporadic (OhAiseadha
et al., 2017). The high proportion of sporadic VTEC
infections relative to total annual cases in Ireland,
and their association with environmental exposures,
has made analysis of the spatiotemporal occurrence
of VTEC particularly important in public health. We
used a suite of geostatistical approaches to explore
spatiotemporal analyses of sporadic VTEC infection
in Ireland, a country characterised by the highest
infection CIRs in Europe.

3.2 Methods

3.2.1 Data collection and processing

Because the primary study objective was to investigate
patterns of domestic transmission, we excluded from
analyses cases attributed to secondary infection

(i.e. person-to-person transmission) and cases
originating outside Ireland. We defined primary
sporadic infection as a laboratory-confirmed case
notified to the Department of Public Health during the
period 1 January 2013 to 31 December 2017 that had
no reported epidemiological link to another notified
case, or was identified as an outbreak index case

(i.e. the first documented case within a recognised
cluster or outbreak). We obtained irreversibly
anonymised case data from the CIDR database
(http://www.hpsc.ie/CIDR), a national database of
notifiable infectious disease events reported by
regional departments of public health in accordance
with the Infectious Diseases (Amendment) Regulations
2011 (S.I. No. 452 of 2011).

Case confirmations were determined using both
clinical and laboratory criteria. Clinical confirmation
was primarily based on presentation of at least one
symptom (diarrhoea, abdominal pain and HUS), with
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laboratory confirmation requiring more than one of the
following criteria to be met: isolation of strains positive
for stx1, stx2 or both; direct detection of stx7 or

stx2 nucleic acids (in the absence of strain isolation);
or direct detection of Shiga toxins in faecal samples.

We geographically referenced all confirmed cases
to one of 18,641 census SAs from the 2011 CSO
census using the Health Atlas Ireland georeferencing
tool. SAs are currently the smallest spatially defined
area for census reporting in the state, and exist as
subdivisions within EDs of Ireland; each covers an
area of 0.001-163 km? and holds 80—120 dwellings.
SAs are thus developed based on household
numbers and residential population (i.e. not spatial
extent or population density) and are used to report
population-based statistics while ensuring personal
and household anonymity. We delineated three
infection subsets for additional analyses based on
epidemiological and clinical significance: urban/rural
classification; VTEC serogroup (0157, 026, other);
and patient age (65 years).

We extracted SA-specific human population counts
from the 2011 and 2016 (CSO) census datasets and
used those counts to calculate SA-specific VTEC
incidence. We merged the CSO'’s 14 urban/rural
categories to classify each spatial unit as rural or
urban, using population density and settlement size
to verify classification. For reporting purposes, we
defined eight distinct geographical zones in Ireland
(Figure 3.1). Zone NE (Northern Ireland) is located
outside CIDR surveillance boundaries and was

not included in our analyses. The Royal College of
Physicians of Ireland Research Ethics Committee
granted ethics approval for the acquisition and
analyses of human infection data (RCPI RECSAF_84).

3.2.2  Seasonal decomposition

We analysed seasonal decomposition for monthly
incidence using the STL method, which combines
multiple regression with k-nearest neighbour
metamodelling (Fox, 2015). The STL method
decomposes a time series into trend, seasonal and
residual components; we used an additive model

for our study because peak values of the seasonal
time series exhibit a relatively constant trend (Prema
and Uma Rao, 2015). The monthly incidence (Y,)

is equal to the sum of the trend (T,), the seasonal
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Figure 3.1. Geographical zones of Ireland. Sections
of the grid represent the eight distinct zones; zone
NE, Northern Ireland, was not included in study of

primary VTEC enteritis cases.

variation (S,) and the residuals (R,). For the seasonal
decompositions, we used the STL () function in R
version 3.6.0 (R Foundation for Statistical Computing;
https://www.r-project.org).

3.2.3  Spatial autocorrelation (Anselin Local

Moran’s 1)

We used Anselin Local Moran’s / to examine
individual features, specifically disease incidence
within individual SAs, and their relationship to nearby
features, returning localised clusters that may be
correlated based on variance assigned to all individual
spatial units (Anselin, 1995). We calculated Anselin
Local Moran’s [ statistics using the cluster/outlier tool
in ArcGIS software version 10.6 (ESRI; https://www.
esri.com) and maps of the resultant high and low
spatial clusters generated. We used cluster/outlier
analysis to classify statistically significant H-H, L-L,
H-L and L—H clusters. We conceptualised spatial
relationships using the inverse distance and Euclidean
distance methods; we set the significance at 95%
based on pseudo p-values.
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3.2.4 Space-time scanning

We used SaTScan version 9.6 space—time cluster
detection software (https://www.satscan.org) to identify
temporally specific high- and low-risk regions. We
defined the space—time scan statistic by a cylindrical
window with a circular (or elliptic) geographical base
(e.g. radius unit), the height of which corresponded to
the time period of potential clusters (Kulldorff, 1999).
The null test hypothesis presumes that geographical
regions inside and outside the scanning area are
characterised by an equal RR of infection during the
analysed time period. We compared RR differences
using the log likelihood ratio (i.e. RR within an area

is expected to be proportional to population size or
population-years) (Allévius, 2018). We used a discrete
Poisson model owing to the high level of geographical
resolution (SA, n=18,641) in our study (i.e. high
number of SAs with zero cases or one case over the
modelled period). We used the total population of
each SA from the 2011 national census as a control
parameter; we performed multiple scans to optimise
parameter selection and outcome stability. We chose
a maximum geographical cluster size of 10% of the
PAR to account for the low number of reported cases
in many areas, in concurrence with a maximum
cluster radius of 50 km. We aggregated data monthly;
maximum temporal cluster duration was 3 months
based on known seasonal effects. Cluster size was
>10 reported cases to ensure that identified clusters
contained enough observed cases.

We used findings from annual space—time scanning

to acquire a spatiotemporal picture of recurrent

cluster locations via a mapped and calculated “cluster
recurrence index”. Several tools have been developed
to detect space—time anomalies, including the spatial
varying temporal trend scan, implemented in SaTScan,
which is used to identify unusual spatial cluster

locations that contribute to substantial increases or
decreases in general trends (Kulldorf, 2021). The
cluster recurrence index we describe aims to shed light
on spatially specific, recurrent space—time hotspots of
infection by providing an ordinal classification for all
spatial units that may be amended over time and used
for prospective surveillance purposes.

33 Results
3.3.1 Occurrence of VTEC infection in
Ireland (2013-2017)

Of 2783 confirmed sporadic cases included in the
CIDR system during the period 2013-2017, we
successfully geolinked 2755 (98.9%) to a distinct
spatial area. The most frequently confirmed
serogroups associated with notified human infection
were VTEC 026 (n=800, 29%) and 0157 (n=638,
23.2%) (Table 3.1). We classified an additional 23.5%
of confirmed infections as ungroupable (n=391)

or not serogrouped (n=255). Of the remaining
confirmed infection serogroups, VTEC 0145 (n=126),
0103 (n=79) and 0146 (n=59) were the only
serogroups associated with >50 confirmed infections.
Temporal cumulative incidence rates exhibited an
annual peak during late summer and early autumn;
maximum peaks typically occurred during July
(n=366) (Figure 3.2). We observed yearly increases
in case numbers between 2013 (463 cases) and
2017 (674 cases).

We observed markedly higher case numbers among
children <5 years, with older adults (>65 years) also
disproportionately affected, accounting for 462 cases
(16.6%, compared with 11.7% for the national
population). Females were affected slightly more
often (52.5%) than males (47.2%) (Figure 3.3). We

Table 3.1. Confirmed sporadic VTEC infections in Ireland, 2013-2017

Characteristic VTEC 0157 (n=668) VTEC 026 (n=714) Other serogroups (n=724) Not serotyped/ungroupable (n=649)

Age (years)
<5 231 (34.6) 431 (60.4) 255 (35.2) 184 (28.4)
6-64 373 (55.8) 232 (32.5) 314 (43.4) 273 (42.1)
265 64 (9.6) 51 (7.1) 155 (21.4) 192 (29.6)
Setting
Urban 288 (43.1) 278 (38.9) 329 (45.4) 309 (47.6)
Rural 380 (56.9) 436 (61.1) 395 (54.6) 340 (52.4)


https://www.satscan.org
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observed more than one case more frequently in SAs
classified as rural (1252/6242, 20.1%) than in urban
SAs (1086/12,246, 8.9%) (Table 3.1). Pearson x? tests
with Yates’ continuity corrections indicate a significant
association between cases of VTEC 026 infection and
the <5 years age category (OR 2.338). No statistical
association was found between VTEC serogroup and
urban/rural classification (p=0.6005) or the incidence
of age-specific cases and urban/rural classification
(p=0.7803).

3.3.2  Seasonal decomposition

The decomposed 5-year trend indicates a monotonic
increase in the occurrence of sporadic infection, with
a clear annual peak occurring during late summer
(July—August) (Figure 3.4). Calculated residuals point
to a relatively consistent annual and longer-term
trend, ranging from a maximum of +24 cases during
April 2016 to —26 cases during December 2018.

We found substantial variation in seasonal infection
peaks (all VTEC serogroups) among delineated age
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categories; infections among the subpopulation aged
<5 years peaked from May to July, whereas infections
among the subpopulation aged >5 years occurred
primarily in July—August, followed by a smaller
secondary peak in October.

The general decomposed trend for VTEC

0157 infection indicates a relatively modest overall
increase over the study period, with a marked
decrease during 2015 (Figure 3.5). Conversely, the
incidence of VTEC 026 exhibited a greater increase
from January 2013 to April 2016, followed by a
consistent decrease to the end of the study period.
Other (non-0157 and non-026) VTEC serogroups
exhibited a gradual monotonic increase over the
study period. Seasonal signals indicate a notable
difference between the two main serogroups;

VTEC 0157 infections exhibited the highest rates

of occurrence during September—October, whereas
VTEC 026 notifications peaked in July. Urban cases
exhibited an annual peak from July to September,
whereas rural case notifications displayed a longer but
decreasing peak from May to October.
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Figure 3.4. Trends and variations in confirmed primary VTEC enteritis cases in Ireland, 2013-2017. (a) All
confirmed cases; (b) decomposed 5-year trend of confirmed cases; (c) seasonal variation in confirmed
cases; (d) calculated residual trend in confirmed cases.

3.3.3  Spatial autocorrelation (Local Anselin

Moran’s 1)

H-H VTEC incidence clusters were predominantly
situated in zones S and SE around counties Clare,
Limerick and Tipperary (Figure 3.6), interspersed with
smaller L—H outlier clusters. We observed infection
cold spots (L-L clusters) around the greater Dublin
area (zone E) and Cork city (zone S), in addition to
counties Sligo (zone N) and Kerry (zone SW). VTEC
0157 infection clusters were geographically sparse,
with small distinct H-H clusters (hotspots) observed
in zones M, E and S. We again observed large
infection cold spots among the VTEC 026 serogroup
and the <5 years age group irrespective of VTEC
serogroup in the urban centres of Dublin and Cork
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cities (zones E and S) in addition to counties Kerry,
Waterford and Sligo (SW, SE and N regions). The
spatial distribution of VTEC 026 and <5 years age
group hotspots of infection followed a similar trend
to overall VTEC clustering patterns: H-H clusters
were identified in zones S, M and E, in addition to
one unique H-H cluster in zone NW that we did not
observe for VTEC O157.

3.3.4 Space—time scanning

Overall, we identified 17 distinct space—time clusters,
ranging from two clusters during 2014 to five clusters
during 2017 (Table 3.2 and Figure 3.7). To acquire

a clearer picture of hotspots and cold spots relative
to space—time cluster occurrence, we developed
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a space—time cluster recurrence index with values
ranging from O (SA never located within a space—
time cluster) to 5 (SA situated within at least one
space—time cluster over the period of the study),

and generated maps of clusters (Figure 3.8). We
identified two distinct areas, one situated south-east
and one south-west of Limerick city (Figure 3.1, zones
M and S), and one area north-east of Galway city
(zone M) as VTEC infection hotspots during the study
period. Notably, no major population centres other
than Limerick city were located within an identified
hotspot; the entire eastern seaboard was classified as
an infection cold spot based on population-adjusted
incidence. Space—time clusters occurred from

April to September and peaked during July (n=11)
(Figure 3.8).

We observed much less space—time clustering

(i.e. identified case clusters were spread over a
greater area) for VTEC 0157 infection than for VTEC
026 infection. Most VTEC 0157 clustering was low
(one or two clusters over the study period) in the S,
SW and M regions (Figure 3.9).

The spatial distribution and recurrence index of VTEC
026 clusters mirrored those found for all confirmed
VTEC infections (Figure 3.10). The temporal window
of serogroup-specific space—time clusters reflected
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the decomposed seasonal peak for both serogroups;
VTEC 0157 clusters occurred more frequently in
September—-December, whereas VTEC 026 clusters
typically occurred in June—November.

We identified much of the western seaboard as a
particularly high-incidence region for the subpopulation
aged <5 years (zones W, SW, S), with a notable
temporal clustering peak (April-May) and relatively
broad temporal baseline (March—September). In
contrast, we noted three space—time clusters within
the subpopulation aged =65 years (Figure 3.10); all
occurred in the south of the country (zone S), with

no specific temporal period associated with these
clusters.

34 Discussion

The power of understanding spatial and temporal
patterns of infection has long been recognised
(Cameron and Jones, 1983); identifying infection
hotspots and cold spots and their time periods informs
targeted surveillance and control interventions, and is
a precursor to increasingly complex epidemiological
analyses and risk factor attribution (Lau et al., 2017;
Brown et al., 2018; Karunaweera et al., 2020).

Over the past decade, space—time scanning and
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Figure 3.6. Spatial autocorrelation clusters of VTEC enteritis in Ireland, 2013-2017. (a) All confirmed
VTEC infections; (b) VTEC 0157 infections; (c) VTEC 026 infections; (d) VTEC infections in children

aged <5 years.

geostatistical approaches have been increasingly
recognised as powerful tools for endemic disease
surveillance and early outbreak detection (Robertson
et al., 2010).

Overall, we identified 17 space—time clusters during
the 5-year study period, ranging from two clusters
during 2014 to five clusters during 2017. All analyses
were of sporadic infections; thus, the identification
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of distinct space—time clusters is noteworthy

and underlines the potential utility of real-time or
prospective space—time scanning as part of ongoing
surveillance procedures. For example, Greene

et al. (2016) reported on the efficacy of using daily
space—time statistics for 35 reportable communicable
diseases in New York City, New York, during the period
2014-2015. The distribution of identified space—time
clusters of sporadic VTEC enteritis reveals high
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Table 3.2. Results of year-on-year space-time scanning among all confirmed sporadic VTEC cases in
Ireland, 2013-2017

Cluster no. Population No. of cases Expected Observed/expected RR Start date End date p-value

2013

1 268,082 32 4.62 6.93 7.37 1 Jul 31 Aug 0.00000000016
2 140,784 27 3.60 7.50 7.90 1 May 31 Jul 0.0000000041
3 147,000 25 3.76 6.65 6.97 1 May 31 Jul 0.00000030

4 154,425 18 3.91 4.61 4.75 1 Apr 30 Jun 0.022

1 370,743 40 9.72 4.11 4.40 1 Jul 30 Sep 0.00000022
2 75,467 14 1.96 7.15 7.34 1Apr 30 Jun 0.0041

‘

165,552 14 1.50 9.36 9.60 1 Sep 30 Sep 0.00018
245,189 27 6.79 3.97 414 1 May 31 Jul 0.00067
& 59,890 13 1.66 7.83 8.02 1 May 31 Jul 0.0037
o
1 299,166 42 10.59 3.97 418 31 May 30 Aug 0.00000033
2 119,941 21 4.20 5.00 5.14 1 May 30 Jul 0.0017
& 261,375 31 9.25 3.35 3.47 31 Mar 30 Jun 0.0044
1 345,279 54 12.93 418 4.45 30 Jun 29 Sep 0.00000000006
2 190,947 27 7.15 3.78 3.89 30 Jul 29 Oct 0.0042
3 232,749 29 8.71 3.33 3.43 30Jun 29Sep  0.015
4 66,817 15 2.47 6.06 6.18 30 Apr 29 Jul 0.017
5 81,564 10 1.00 10.04 10.18 30 Sep 29 Oct 0.027
annual levels of persistence and variation in sporadic increase risk of exposure and subsequent infection

VTEC infection in Ireland. We identified three distinct (Andrade et al., 2018).
regions as exhibiting particularly high space—time
cluster recurrence rates, namely south-west and east
of Limerick city (SW, S, SE zones), and north-east

of Galway city (M zone), indicating the presence of
persistent VTEC reservoirs in these areas that cause
regular exposure and transmission.

The relative proximity of large urban centres to the
three identified high-recurrence regions may also
point to narrow transitional zones between urban and
populated rural regions. Rural commuter belts that
have inadequate municipal wastewater treatment or
drinking supplies, in addition to relatively low levels of

Spatial autocorrelation of VTEC clusters further acquired immunity among children of young families
highlights the disparity between rural and urban living. residing within commuter belt regions, may contribute
Sporadic cases were more frequently identified in to this high spatial risk of transmission. National

rural areas, where =37.3% of the populace reside census statistics predict the strongest population
(20.1% of rural SAs versus 8.9% of urban) (CSO, growth in peri-urban/commuter belt areas in Ireland
2018). We identified low-incidence clusters in major (CSO, 2018), which are potentially at high risk of
cities, including Cork and the Greater Dublin area. VTEC infection.

These findings emphasise the association of rurality
with VTEC transmission: increased environmental
exposure to pathogen sources coupled with enhanced
pathogen transport through untreated drinking water
supplies, extreme weather events, etc., is likely to

All three high-recurrence regions are predominantly
underlain by karstified carboniferous limestone
aquifers (Woodcock and Strachan, 2009), which
have previously been associated with the presence
of VTEC in private and small public drinking water
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Figure 3.7. Annual space—time scanning of all confirmed primary VTEC enteritis cases in Ireland in (a)
2013, (b) 2014, (c) 2015, (d) 2016 and (e) 2017. Circles indicate clusters and numbers indicate the order
in which they were identified during the study period. Clusters shown on the map have >10 confirmed

cases (RR >1, p<0.05).
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census SAs (right) for all confirmed primary VTEC enteritis cases in Ireland, 2013-2017.
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Figure 3.9. Case clusters of VTEC 0157 (left) and 026 (right).

supplies (Hynds et al., 2014b). The lack of space-time
clustering found within the Greater Dublin area, which
houses =39% of the national population (1.9 million
people) and is characterised by a spatially extensive
urban commuter belt, consolidated bedrock, and a
high level of water and wastewater infrastructure,
seems to validate our hypothesis. Boudou et al. (2021)
report that rates of space—time cluster recurrence of
cryptosporidiosis from 2008 to 2017 followed similar
patterns in the same three geographically distinct
regions we identified; co-occurrence of VTEC enteritis
and cryptosporidiosis in Ireland requires further study
(Boudou et al., 2021).

Cumulative incidence rates of VTEC infection exhibit
a marked seasonal distribution; we identified peaks
during late summer and early autumn, reflecting
previously noted patterns of VTEC shedding from
zoonotic reservoirs and subsequent influx to the
environment (Dewsbury et al., 2015). Our findings,
however, indicate a geographical and temporal
disparity between the two primary serogroups,
VTEC 0157 and VTEC 026, with high-incidence
geographical clusters of VTEC O157 occurring more
frequently in the east and in the south. Previous
work has identified associations between VTEC
0157 infection and residence in areas characterised
by a higher density of cattle, private well usage and
domestic wastewater treatment systems (OhAiseadha
et al., 2018), all of which are relatively ubiquitous

within spatial locations identified as H-H clusters
(Hynds et al., 2012).

The <5 years age category has been associated

with cases of VTEC 026 infection, which has been
characterised by an earlier annual infection peak in
Ireland (HPSC, 2019b), implying age-specific peaks
of infection. Garvey et al. (2016a) reported a 2-month
phase difference between VTEC 026 (July) and VTEC
0157 (September) infections in Ireland; the difference
was reported as significant both when considering all
(outbreak and sporadic) confirmed VTEC infections
(p<0.0001) and when considering sporadic cases only
(p<0.0001), and is possibly attributed to seasonal
variation in infection exposure such as contact with
primary animal reservoirs of infection (Brehony et al.,
2018). Significantly higher incidence was noted in
children aged <5 years; previous studies attributed
this pattern to an increased risk of direct contact with
environmental sources of faecal matter (Rechel et al.,
2011) and lower standards of hygiene (Tam et al.,
2012) in this subpopulation.

Cumulatively, young children (<5 years) and the

older subpopulation (=65 years) accounted for 56.7%
(n=1563) of confirmed sporadic infections. Both of
these subpopulations are known to be immunologically
vulnerable and exhibit higher incidence of infection
and severe sequelae (Chaisri et al., 2001; Adams

et al., 2019). Younger cohorts especially are at
increased risk of infection caused by frequent contact
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with other children of a similar age, and also pose a heterogeneity of infection clusters, underscore the
risk as a source of infection associated with increased need for enhanced targeted surveillance measures,
contact with adults, particularly among the group aged particularly in geographical areas characterised by a
30-39 years (Xiao et al., 2016; Hoang et al., 2019). higher proportion of younger and older populations
Prominent clustering of infection identified among the (Bhunia et al., 2016).

groups aged <5 and 265 years, and the relative spatial
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Case Study: Flood Hydrometeorology and

Gastroenteric Infection: the Winter 2015-2016

Flood Event in Ireland

4.1 Introduction

Recent climate change projections predict an increase
in both the frequency and the severity of major flood
events across Europe (Arnell and Gosling, 2016);
over the past six decades, north-west Europe, and
particularly the UK and Ireland, have experienced
significant increases in rainfall and soil moisture,
resulting in significantly elevated flood discharges
(Bloschl et al., 2019). For example, what was
considered a 100-year flood event in this region during
the 1960s is now described as a 50- to 80-year event
(Bloschl et al., 2019).

While the economic burden associated with current
and projected flooding has been extensively explored
within the scientific literature, there remain significant
knowledge gaps regarding the adverse effects of
increasingly frequent and severe flooding on human
health, particularly in high-income regions (Cann

et al., 2013; Andrade et al., 2018). This is partly due
to the often unclear temporality related to the human
health impacts of flood events, with effects frequently
indirect, complex, spatially variable over small regions
and delayed for days, weeks or months after the flood
event (Penning-Rowsell et al., 2005).

Notwithstanding this, previous studies have highlighted
the link between increasing flood occurrence due to
climate change and both direct and indirect human
health impacts (Hajat et al., 2003; Smith et al.,

2014; Andrade et al., 2018). Apart from directly
attributable human fatalities associated with these
events (Jonkman et al., 2008; Boudou et al., 2016),
indirect health impacts and, more specifically, the
incidence of sporadic cases of waterborne enteric
infections are likely to increase in concurrence with
flood frequency and severity (Brown and Murray, 2013;
Andrade et al., 2018). Inundation of anthropogenic
infrastructure (e.g. wastewater treatment, roads,
farmyards) may lead to mobilisation of enteric
pathogens and subsequent contamination of rivers,
lakes, groundwater wells and aquifers, subsequently
triggering waterborne infections (Semenza, 2020).
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Recent work indicates that Ireland will be the second
most affected European country in terms of the mean
population proportion residing in flood-prone areas

by 2100 (Arnell and Gosling, 2016; Forzieri et al.,
2017), and is thus particularly susceptible to flooding.
Compounding this, notification rates of VTEC enteritis
and cryptosporidiosis in Ireland, two enteric infections
with historically high rates of waterborne transmission
(Hunter and Thompson, 2005; Karmali et al., 2010),
are the highest in the EU (ECDC, 2019a,b). VTEC is
a zoonotic bacterial pathogen causing gastrointestinal
illness in humans, with the spectrum of symptoms
ranging from mild diarrhoea to haemorrhagic colitis
and HUS, a severe sequela potentially causing

renal failure or death (Karch et al., 2005; Karmali

et al., 2010). Cryptosporidiosis is caused by
Cryptosporidium spp., an oocyst-forming protozoan
parasite (Fayer and Ungar, 1986); also characterised
by a wide range of symptoms (diarrhoea, weight loss,
vomiting, abdominal pain, nausea and fever), it can
result in acute dehydration and death in very severe
cases. In Ireland, a high proportion of primary cases of
both infections have been linked with the consumption
of or exposure to contaminated water (Cummins et al.,
2010; Hynds et al., 2014a).

Winter 2015-2016 was characterised by extremely
wet conditions following a series of Atlantic storms,
resulting in unprecedented, widespread flooding
across Ireland and the UK. Along with the primary,
readily observable impacts of the event (e.g. flooding
of households and businesses, interruption of transport
networks), a significant number (>200) of incidents
were reported pertaining to Irish drinking water and
wastewater services. From December 2015, several
boil water notices were issued, affecting approximately
23,000 people, because of specific concerns around
drinking water quality and its potential impact on public
health (NDFEM and DHPCLG, 2016). Despite these
warnings and the potentially high-risk scenario, no
confirmed or likely outbreaks of waterborne infection
were officially reported to the Irish HSE during or
immediately after the event. To date, no studies have



Spatiotemporal Epidemiology of Primary Waterborne Infections — Cryptosporidium and VTEC

investigated the link between this particular event
and the incidence of infectious disease within the
population.

Here we aimed to investigate the potential relationship
between the winter flood event of 2015-2016 and the
incidence of confirmed VTEC and cryptosporidiosis in
Ireland via a retrospective ecological study comprising
an ensemble of (geo)statistical techniques. Seasonal
decomposition and space—time scanning were used
to detect potential irregularities in the seasonal
variation and spatial distribution of infections during
and after the flood period. Subsequently, generalised
linear modelling (GLM) was employed to explore
spatial relationships between flood risk exposures,
observed flood extent and the incidence of infection
at a fine geographical resolution. Finally, exemplar
hydrometeorological data (surface water discharge,
groundwater level and precipitation) from the
Shannon River basin were used as flood indicators
and modelled via time-series analyses to provide

a new understanding of the timing and “behaviour”

of infections within the context of a significant flood
event. The presented method aims to be transferable
and could be applied for assessing links between
extreme weather events and infection incidence in
other regions and pertaining to various human health
impacts.

4.2 Methods

4.2.1 Analytical protocol

The developed analytical protocol used in the current
study for investigating the link between infections
was based on three primary phases, in line with
overarching research objectives, as follows:

e Phase 1. Seasonal decomposition was carried
out in concurrence with space—time scanning to
examine the space—time distribution of atypical
(i.e. minus seasonal trend) infections during and
after the flood period.

e Phase 2. GLM was used to explore spatial links
between categorical flood risk based on calculated
return periods, actual flood extent and presence/
absence of confirmed infections.

e Phase 3. A time-series analysis was performed
to investigate the relationship between infection
incidence and three temporally lagged
hydrometeorological variables delineated as

indicators of the flood event (rainfall, surface water
discharge and groundwater level).

Each phase was undertaken using decision-based
criteria, whereby the link between the flood event
and infection incidence could either be confirmed or
rejected.

4.2.2 The 2015-2016 flood event in Ireland

Meteorological characterisation

Winter 2015-2016 has become synonymous with
some of the most widespread and severe flooding ever
recorded across Ireland and the UK. From November
2015 to January 2016, both countries experienced

a series of winter storms, resulting in exceptionally

wet conditions. Following a relatively dry October,
Storm Abigail impacted Ireland over the 2-day period
13/14 November 2015, triggering heavy rainfall
exceeding 80 mm over 24 hours in some areas (Walsh,
2016). Two lower intensity storms subsequently
occurred on 17 November (Storm Barney) and

29 November (Storm Clodagh); November 2015 has
since been ranked the seventh wettest November
since records began in 1850 (Walsh, 2016).

During December 2015, a new succession of Atlantic
storms was recorded — Storm Desmond, Storm Eva
and Storm Frank. The highest rainfall intensities were
recorded during Storms Desmond (259.7 mm over

48 hours; Leenane, Co. Galway) and Frank (159.9 mm
over 48 hours; Cloone Lake, Co. Kerry). December
2015 is ranked as the wettest December ever recorded
in Ireland. Approximately 500 mm of monthly rainfall
was registered locally at several synoptic stations
(e.g. Co. Kerry, Cork and Galway), with recorded
rainfall 250% above the monthly average in most
parts of the country and exceeding 300% in southern
regions. January and February 2016 were also
particularly wet, and were ranked as the ninth wettest
January and February recorded in Ireland.

Hydrological characterisation

Three primary flood periods have been identified
during the period 12 November 2015 to 5 January
2016, corresponding with the occurrence of the
three main storm events (Figure 4.1). Flood records
indicate that the spatial extent of hydrological
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Figure 4.1. Flood records (water levels) reached during Storms Abigail (a), Desmond (b) and Frank (c).

impacts was widespread across the country, with

37 of 75 river gauging stations (49%) recording their
highest ever discharge levels during the study period,
i.e. 15 November to 5 January (Nicholson and Gebre,
2016). Owing to large uncertainties and the atypical
character of the flood (succession of events), no flood
periods were calculated to assess the intensity of the
2015-2016 flood events.

Flood longevity represents one of the primary
characteristics underpinning the severity of the winter
2015-2016 flood event in Ireland, with flood duration
far outlasting the period of maximum recorded river
discharges (29 November to 5 January) (NDFEM and
DHPCLG, 2016). Several secondary flood episodes
associated with persistent rainfall or short-term heavy
rainfall events occurring on saturated land were
reported from January to April 2016. For example, on
10/11 April 2016 a 24-hour rainfall event triggered a
significant increase in flood extent, increasing from
2500 hectares on 30 March to 7600 hectares on

11 April (O’Hara et al., 2019).

4.2.3  Enteric infection data and data sources

Datasets comprised all confirmed cases of sporadic
(i.e. non-outbreak) VTEC enteritis reported by regional
departments of public health between 1 January

2013 and 31 December 2017. VTEC cases prior to
January 2013 were not obtained due to differences

in testing and reporting protocols between areas.

The cryptosporidiosis dataset included all confirmed
cases notified from 1 January 2008 to 31 December
2017; cases occurring prior to January 2008 were not
integrated to avoid bias that may result from including
a significant outbreak that took place in April 2007. All
individual case notifications for both infections were
geographically linked to the centroid of a CSO SA, the
smallest administrative delineation currently employed
in Ireland for national census reporting (18,488 SAin
2011). Two main periods were identified for the current
study:

e The “non-flood” period corresponded to the
total duration of both infection datasets: 2013—
2018 for VTEC (2.7555 cases) and 2008-2017 for
cryptosporidiosis (4509 cases).

e The “flood period” corresponded to the period
between 1 July 2015 and 1 July 2016. A total of
577 VTEC enteritis and 607 cryptosporidiosis
cases occurred during the flood period
(Figures 4.2 and 4.3).

4.2.4  Spatiotemporal analysis of VTEC and
cryptosporidiosis

Seasonal decomposition

Seasonal decomposition of confirmed cases of
infection was undertaken at both monthly and weekly
scales using the STL method, to decompose the
incidence of infection (Y,) into seasonal variation (S),
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Figure 4.2. Weekly VTEC cases in Ireland from July 2015 to July 2016.
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Figure 4.3. Weekly cryptosporidiosis cases in Ireland from July 2015 to July 2016.

overall trend over time (T,) and residuals (R ).

An additive STL model was employed owing to the
relatively constant trend associated with peak (annual/
seasonal) values over time. For the purposes of the
current study (i.e. examining a specific event and time
period), there was a particular focus on the trend and
residual series of both infections (i.e. seasonal signal
extraction). Weekly decompositions were undertaken
using R Studio (v4.0) and the “forecast” package
(v3.6) on total datasets for both infections (2013—
2018 for VTEC; 2008-2018 for cryptosporidiosis),

and extracted for the flood period from July 2015 to
July 2016.

Space—time scanning

Space—time scanning analyses were carried out on
the entire study period (non-flood period) to detect
temporally specific clusters of infection defined by
significantly higher numbers of observed cases
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than expected within specified temporal and spatial
windows. Analyses are based on the null hypothesis
that cases are randomly distributed over space and
time, with scanning conducted at SA scale using
SaTScan v9.6 (Kulldorff and Information Management
Services, Inc., MA, USA) (Kulldorf, 1999). SaTScan
requires a series of user-defined parameters. Similarly
to a previous Ireland-based study (Boudou et al.,
2021), a discrete Poisson model was selected to
account for the high spatial resolution (i.e. 18,488 SAs)
and likely low case numbers per SA unit. Similarly,

a maximum of 10% of the PAR was employed, with

a maximum cluster radius of 50 km. A minimum
threshold of 10 cases was employed to ensure that
only significant infection clusters were identified

(i.e. to avoid small household clusters). Data were
aggregated at the monthly scale with a maximum
cluster duration of 3 months, thus accounting for
seasonal trends of infection.
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4.2.5 Generalised linear modelling

GLM was used to assess the link between
dichotomised (presence/absence), spatially specific
(SA level) occurrence of infection and mapped
categorical flood risk/extent parameters. Analyses
were undertaken using existing mapped datasets from:

e historical surface water flood maps (GWFlood
Project), based on winter 2015-2016 observations
and indicating the fluvial and pluvial extent of the
flood event (McCormack et al., 2020);

e high-resolution flood maps produced for coastal
and fluvial risks, with three “risk scenarios” based
on calculated return periods [low: 1000 years;
medium: 100 years (fluvial) to 500 years (coastal);
and high: 10 years];

e presence of permanent surface water bodies
(lakes, rivers).

All mapped datasets were imported to ArcGIS 10.7,
with SA identifiers (national census area centroids)
used to geographically attribute anonymised spatially
referenced case data, resulting in an anonymised
dataset of confirmed infections linked to geographically
explicit flood risk, flood extent and surface water
attributes. GLM with a binary link function was applied

to calculate probabilistic ORs between flood extent,
fluvial/coastal flood scenarios (flood presence/
absence), surface water presence and confirmed
human infection (infection presence/absence).
Analyses were performed using R studio (v4.0) for the
flood and “non-flood” periods.

4.2.6  Hydrometeorological indicators

To examine the presence of associations between
flood-related hydrometeorology and incidence of
infection, a national-level case study was performed
using three hydrometeorological variables from

the Shannon River basin: cumulative rainfall, river
discharge (surface water) and groundwater level. The
Shannon River basin was selected as a representative
area because of its central location and geographical
significance (15,695 km?), covering approximatively
22% of the country. The river basin was significantly
affected by flooding during the 2015-2016 event
(NDFEM and DHPCLG, 2016) and is considered a
“hotspot” for both VTEC enteritis and cryptosporidiosis.

A distinction was made between the Lower and
Upper Shannon sub-basins to assess for potential
hydrodynamic variations (Figure 4.4). For each

Figure 4.4. The Shannon River basin and measurement stations selected for hydrodynamic data

extraction and analyses.
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sub-basin, hydrometeorological data were extracted as
follows:

e daily cumulative rainfall from Met Eireann synoptic
stations;

e daily mean discharge (cubic metre per second)
from Office of Public Works gauging stations;

e daily groundwater level (metres) from the EPA.

The groundwater levels extracted from the EPA
stations were rescaled (0—10) to ensure homogeneity.

Measurement station/gauge selection was undertaken
based on:

e dataset length and completeness;

e proximity of discharge and groundwater gauging
stations to appropriately capture hydrodynamic
patterns;

e selection of synoptic stations via calculation of the
k-nearest neighbour to gauging stations (surface
water and groundwater).

Two synoptic stations were used for the lower
catchment, with the discharge station closer to the
Gurteen station (Co. Tipperary) and the groundwater
station closer to the Mullingar station (Co. Westmeath)
(Figure 4.5). The mean rainfall between these two
stations was used to characterise rainfall in the lower
catchment.

4.2.7 Time-series analyses

Based on weekly time series (29), analyses were
conducted to assess levels of temporal lagged
association between hydrometeorological factors
and infection incidence. Analyses were carried out
on the summed trend and residuals of both VTEC

Figure 4.5. Hydrometeorological variables recorded in the Lower and Upper Shannon for the flood period.
Weekly cumulative rainfall in (a) the Lower Shannon (mean rainfall between Gurteen, Co. Tipperary and
Mullingar, Co. Westmeath) and (b) the Upper Shannon (Mount Dillon station). Weekly mean discharge

in (c) the Lower Shannon (Brosna River at Ferbane, Co. Offaly) and (d) the Upper Shannon (Suck River

at Rookwood, Co. Galway). Weekly mean groundwater levels in (e) the Lower Shannon (Co. Offaly) and

(f) the Upper Shannon (Co. Galway).
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and cryptosporidiosis obtained from seasonal
decomposition, as the primary objective was to
identify and elucidate atypical infection excess.
Spearman’s non-parametric rho was calculated for
weekly hydrometeorological time series and the
weekly lagged sum of infection trends and residuals
in both the upper and lower sub-basins. National
infection data were used, based on the hypothesis
that the hydrometeorological means recorded

within the Shannon catchment could be used as
indicators for country-wide infection incidence. A
range of 1 to 24 weeks was calculated and employed
to assess minimum and maximum lag periods,

with analysis carried out using R studio (v4.0)

and the GGally (v.2.0) package. The lag range of
24 weeks was selected according to the maximum
environmental survival of both pathogens, estimated
to be up to 24 weeks in a 15°C environment for
Cryptosporidium spp. (Alum et al., 2014).

ARIMA modelling was used to assess the weight

of weekly lagged hydrometeorological time series

on infection incidence during the flood period via
backcasting. Differencing (order — 1) was performed
on all time series to ensure stationarity. Similarly, as
ARIMA does not appropriately account for overarching
trends and data seasonality (as opposed to SARIMA),
environmental time series were seasonally adjusted.

The final order parameters used for analysis (p, d, q)
were ARIMA (0,1,1), obtained via optimisation
diagnostics. Repeated iterations were performed on
infection time series (trend and residuals from July
2015 to July 2016), using stepped lags (from 1 to

24 weeks) of the three environmental time series
(rainfall, surface water, groundwater) as regressors, for
both the Lower and Upper Shannon sub-basins. The
Ljung—Box test, a statistical test used for examining
the autocorrelation of time series, was used to indicate
significance between hydrometeorological variables
and infection incidence, with p>0.05 used to confirm
temporal association (i.e. significant autocorrelation).

4.3 Results

4.3.1 Spatiotemporal patterns of infection
during 2015-2016

Seasonal decomposition

Seasonal decomposition identified specific seasonal
patterns (not presented) for both infections. With
respect to seasonal variations, VTEC exhibited high
incidence during mid/late summer (peak in July), with a
second peak in September, whereas cryptosporidiosis
cases were highest during spring (March to May;

peak in April) (Figure 4.6). Both infections displayed

Date

2008 2009 2010 2011 2012

2013 2014 2015 2016 2017 2018
Date

Figure 4.6. Residuals (in black) and seasonal variations (in red) obtained from LOESS seasonal
decomposition for (a) VTEC (2013-2018) and (b) cryptosporidiosis (2008—2018).
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a general (cumulative) trend increase over their study
periods. Notably, both infections exhibited a marked
residual (i.e. seasonal trend excluded) residual peak
during April 2016, accounting for +23 observed
residual cases for VTEC and +57 observed residual
cases for cryptosporidiosis. Other secondary peaks
were identified, particularly during June—July 2016 for
VTEC enteritis.

Space—time scanning

The results of space—time scanning analysis from

July 2015 to July 2016 are shown in Figure 4.7.
Space—time scanning of VTEC cases indicated three
significant (RR >1, p<0.05) clusters (83 cases in total),
all of which intersected (25-35%) with the Shannon
catchment area. The two primary identified clusters
(40 and 29 cases) were located east and south-west
of Limerick city and occurred between April and June
2016. A third cluster was observed further north (Co.
Cavan) during September 2015 (14 cases).

Eight significant space—time clusters of
cryptosporidiosis were identified during the flood
period, accounting for 238 cases. The spatial
distribution of these clusters was relatively widespread
across the country, with four clusters partially located
within the Shannon basin. The temporal distribution of
clusters was from March to May 2016 for clusters 1,

2, 3 and 7 (south midlands and south) and from April
to June 2016 for clusters 4, 5, 6 and 8 (north midlands
and north).

4.3.2  Flood exposure and infection

The results indicated a link between the spatial extent
of the 2015-2016 flood event and the incidence of
infection. Within the non-flood period, approximatively
39% of VTEC cases (OR 1.487; p<0.00) and 44% of
cryptosporidiosis cases (OR 1.792; p<0.001) occurred
within the spatial boundary of the 2015-2016 flood
extent (Tables 4.1 and 4.2). Similarly, the SA units
situated within the flood extent were more likely to
report at least one VTEC (OR 1.355; p<0.001) or
cryptosporidiosis case (OR 1.574; p<0.001) from
July 2015 to July 2016 (Tables 4.3 and 4.4).

Generalised linear models indicated that both
infections occurred significantly more frequently within
areas prone to the risk of fluvial flooding. For example,
from 2008 to 2018, a case of cryptosporidiosis was
approximatively 13% (p<0.001) more likely to occur in
a SA characterised by a high probability of fluvial flood
risk (10-year flood return period; Table 4.1). Similarly,
during the flood period, VTEC enteritis occurred more
frequently within areas classified under the medium
fluvial risk scenario (100-year flood return period:

OR 1.094; p=0.025; Table 3.2). Results showed no

— —
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Figure 4.7. Space-time clusters from July 2015 to July 2016 for (a) VTEC and (b) cryptosporidiosis.
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Table 4.1. Infection cases compared to flood risk and flood extent exposure

VTEC cases Crypto. cases VTEC cases Cryptosporidiosis

Predictors (2013-2018) (2008-2018) (2015-2016) cases (2015-2016) Number of SAs
Flood extent 2015-2016 1093 (39.7%) 1993 (44.2%) 233 (40.4%) 247 (40.7%) 4585 (24.8%)
Fluvial — high probability 845 (30.7%) 1379 (30.6%) 178 (30.8%) 180 (29.7%) 5012 (27.1%)
Fluvial — medium probability 879 (31.9%) 1450 (32.2%) 194 (33.6%) 190 (31.3%) 5382 (29.1%)
Fluvial — low probability 921 (33.4%) 1489 (33%) 201 (34.8%) 194 (32%) 5726 (31%)
Coastal — high probability 234 (8.5%) 342 (7.6%) 46 (8.0%) 54 (8.9%) 1713 (9.3%)
Coastal — medium probability 254 (9.2%) 373 (8.3%) 52 (9.0%) 55 (9.1%) 1874 (10.1%)
Coastal — low probability 271 (9.8%) 390 (8.6%) 55 (9.5%) 56 (9.2%) 2026 (11%)
Lakes 701 (25.4%) 1393 (30.9%) 143 (24.8%) 178 (29.3%) 3110 (16.8%)

Table 4.2. GLM results for VTEC (non-flood period: 2013-2018): flood extent of 2015-2016, fluvial and
coastal risk scenarios (CFRAM mapping) and presence of surface water bodies (lakes/rivers)

Predictors Estimated standard deviation  p-value 2.5% CI 97.5% Cl  Significance
Flood extent 2015-2016 0.397 >0.001 1.487 1.414 1.564 o

Fluvial — high probability 0.000 >0.001 1.098 1.043 1.155 e

Fluvial — medium probability 0.060 0.017 1.062 1.011 1.116 *

Fluvial — low probability 0.071 0.006 1.073 1.020 1.128 **

Coastal — high probability —0.047 0.256 0.954  0.879 1.034

Coastal — medium probability ~ —0.062 0.110 0.940 0.871 1.014

Coastal — low probability —-0.053 0.180 0.948 0.876 1.024

Lakes/rivers 0.323 >0.001 1.381 1.304 1.462 o

*p<0.05; **p<0.01; ***p<0.001.

Table 4.3. GLM results for VTEC (flood period: July 2015—-July 2016): flood extent of 2015-2016, fluvial
and coastal risk scenarios (CFRAM mapping) and presence of surface water bodies (lakes/rivers)

Predictors Estimated standard deviation  p-value 2.5% CI 97.5% Cl  Significance
Flood extent 2015-2016 0.304 >0.001 1.355 1.254 1.464 b

Fluvial — high probability 0.073 0.071 1.076 0.993 1.165

Fluvial — medium probability 0.090 0.025 1.094 1.011 1.182 *

Fluvial — low probability 0.076 0.055 0.998 1.164 1.164

Coastal — high probability -0.075 0.262 0.927 0.810 1.055

Coastal — medium probability ~ —0.057 0.373 0.945 0.831 1.068

Coastal — low probability 0.066 0.285 0.936 0.827 1.054

Lakes/rivers 0.203 >0.001 1.225 1.120 1.337 e

*p<0.05; *p<0.01; ***p<0.001.

association between coastal (surge) flood risk areas VTEC cases (OR 1.225; p<0.001) and 30.9% of

and the incidence of either infection (p>0.05), while cryptosporidiosis cases (OR 1.739; p<0.001) occurred
a significative negative association was found with within a SA comprising a surface water body over the
cryptosporidiosis for the flood period (Table 4.5). non-flood period. A similarly significant association,

albeit of a lower magnitude, was observed for the flood
period (VTEC cases: 24.8%; OR 1.225; p<0.001;
cryptosporidiosis cases: 29.3%; OR 1.363; p<0.001).

A strong statistical relationship was established
between infection incidence and the presence
of a surface water body (lake or river); 25.4% of
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Table 4.4. GLM results for cryptosporidiosis (non-flood period: 2007—-2018): flood extent of 2015-2016,
fluvial and coastal risk scenarios (CFRAM mapping) and presence of surface water bodies (lakes/rivers)

Predictors Estimated standard deviation  p-value (0133 2.5% CI 97.5% Cl  Significance
Flood extent 2015-2016 0.583 >0.001 1.792 1.711 1.876 o

Fluvial — high probability 0.120 >0.001 1.128 1.077 1.182 o

Fluvial — medium probability 0.103 >0.001 1.109 1.059 1.160 e

Fluvial — low probability 0.002 0.002 1.075 1.028 1.125 **

Coastal — high probability —-0.075 0.047 0.928  0.861 0.999 *

Coastal — medium probability ~ —0.080 0.028 0.923  0.859 0.991 *

Coastal — low probability —0.106 0.003 0.900 0.839 0.964 >
Lakes/rivers 0.553 >0.001 1.739 1.652 1.831 o

*p<0.05; **p<0.01; ***p<0.001.

Table 4.5. GLM results for cryptosporidiosis (flood period: July 2015-July 2016): flood extent of 2015
2016, fluvial and coastal risk scenarios (CFRAM mapping) and presence of surface water bodies (lakes/
rivers)

Predictors Estimated standard deviation 2.5% CI 97.5% Cl  Significance
Flood extent 2015-2016 0.317 0.000 1.574 1.272 1.482 b

Fluvial — high probability 0.050 0.220 1.051 0.970 1.138

Fluvial — medium probability 0.040 0.319 1.041 0.962 1.125

Fluvial — low probability 0.015 0.698 1.015 0.939 1.097

Coastal — high probability —-0.036 0.582 0.965  0.847 1.093

Coastal — medium probability ~ —0.069 0.278 0.933  0.821 1.055

Coastal — low probability -0.097 0.121 0.907 0.800 1.023

Lakes/rivers 0.310 0.000 1.363 1.252 1.483 o

*p<0.05; **p<0.01; ***p<0.001.

4.3.3  Association with hydrometeorological water and groundwater were stronger in the Upper
indicators Shannon (0.59).

Again, significant positive associations were found

Spearman s non-parametric rho
P P between the incidence of confirmed cryptosporidiosis

The results indicated significant positive associations and all three hydrometeorological variables

with all three hydrometeorological variables, for (Figure 4.9), with the main positive associations (R,
both the Lower and Upper Shannon sub-basins >0.4) occurring between weeks 15 and 19 (surface
(Figure 4.8). Two primary lag periods of correlation water and groundwater) and from week 16 to week
are highlighted (r,>0.4), namely from week 1 to 22 (rainfall). The highest R, calculated for each
week 5 and from week 18 to week 19. The highest hydrometeorological variables were:

R values calculated for each variable, thus indicating

o e rainfall: week 16 (Lower Shannon) and week 19
the strongest associations, were:

(Upper Shannon);
e rainfall: week 5 (Lower and Upper Shannon); e surface water: week 19 (Lower Shannon) and
e surface water: week 4 (Lower and Upper week 16 (Upper Shannon);
Shannon); e groundwater: week 16 (Lower and Upper
e groundwater level: week 1 (Lower Shannon) and Shannon).

week 4 (Upper Shannon).
The range of highest R, values was relatively similar
The highest R, was associated with rainfall on the within both sub-basins, being from 0.5 (rainfall) to
Lower Shannon (0.62), while associations with surface  0.55 (groundwater) in the Lower Shannon and from
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Lower Shannon

Trend and residuals (weekly lags)
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Figure 4.8. Spearman’s non-parametric rho tests for VTEC trend and residuals and hydrometeorological

variables (Lower and Upper Shannon).

Lower Shannon
Trend and residuals (weekly lags)
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24 232221 2019181716 151413121110 9 8 7 6 54 3 2 1
Groundwater  -0.090.02 0,12 0.33 0.23 0.4 0.48 0.4 0,55 0.5 0.260.21 0,13 0.04 0.1 -0.1 -0.13-0.01-0.26:0.33-0.13-0.16-0.020.08
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Rainfall ©13 018 0.43 0.16 0.4 0,38 0.21 0.43 0.5 0.07 0.16 0.05-0.11-0,06-0.01-0.16-0.01-0.14:054 0.05 0 -0.030.13-0.07
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Trend and residuals (weekly lags)
- - -
242322212019 1817161514 13121110 9 8 7 6 54 3 2 1
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Surfacewater -03 -0.1 0.04 0.24 0.24 042 041 0.32 0.58 0,51 0.25 0,32 0.21 0.1 0.05.0.16-0.170,01-021-03 0.1 0.1-0.08 0.1

Rainfall 0,08-0.120.26 0,14 0.25 057 0.08 046 0.29 0.12 0.1 0.19-0.01-0.01-0.05-0.27 0.17 -0.02:0.39 0,22 0.09-0.180.21 -0.03

Rho scores

1.0
L

0.5
0.0
-0.5

-1.0

Figure 4.9. Spearman’s non-parametric rho tests for cryptosporidiosis trend and residuals and

hydrometeorological variables (Lower and Upper Shannon).

0.57 (rainfall, groundwater) to 0.58 (surface water) in
the Upper Shannon.

ARIMA modelling

As shown in Figure 4.10, the results of optimised
ARIMA modelling for VTEC indicated relatively similar
responses between the two sub-basins, pointing to
two significant primary associational periods (p>0.05),
from week 12 to week 14 and from week 17 to

week 19. A slightly stronger association was observed
in the Lower Shannon (p-values ranging from 0.01 to
0.105) than in the Upper Shannon (p-values from
0.013 to 0.072). Similarly, the results showed that

the maximum p-values calculated for surface water
discharge were significantly higher than the p-values
obtained for the other two hydrometeorological
variables (rainfall and groundwater level) in both
sub-basins. The maximum association found for each
variable was:

e rainfall: week 12 (p=0.062, Upper Shannon) and
week 13 (p=0.071, Lower Shannon);

41

e surface water: week 18 (p=0.072, Upper
Shannon) and week 19 (p=0.105, Lower
Shannon);

e groundwater level: week 12 (p=0.061, Upper
Shannon; p=0.06, Lower Shannon).

Two specific cluster periods were found to occur
between lagged hydrometeorological variables and
cryptosporidiosis cases, namely from week 8 to

week 10 and from week 16 to week 21 (Figure 4.11).
The range of p-values tended to be wider in the Upper
Shannon (0.022 to 0.577) than in the Lower Shannon
(0.029 to 0.371). The best-fit weekly lags found by
calculating the p-values of Ljung—Box tests appear
identical between both sub-basins, as follows:

e rainfall: week 19 (p=0.274, Lower Shannon,;
p=0.522, Upper Shannon);

e surface water: week 18 (p=0.371, Lower
Shannon; p=0.577, Upper Shannon);

e groundwater level: week 18 (p=0.395, Lower
Shannon; p=0.424, Upper Shannon).
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Figure 4.10. ARIMA Ljung-Box test results for VTEC in (a) the Lower Shannon and (b) the Upper

Shannon.
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Figure 4.11. ARIMA Ljung—Box test results for cryptosporidiosis in (a) the Lower Shannon and (b) the

Upper Shannon.

4.4 Discussion

4.4.1 Spatiotemporal distribution of VTEC

and cryptosporidiosis in 2016

The research protocol developed during the
current study allowed the authors to investigate the
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associations between the winter 2015-2016 flood
event and the incidence of confirmed cryptosporidiosis
and VTEC in Ireland. Seasonal decomposition

of both infections provided evidence of atypical
temporal peaks (i.e. residual infections) notified

during April 2016, with this month exhibiting the
highest residual values over the entire duration of
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both datasets. In total, +24 VTEC cases (total number
of cases: 67; trend: 49; seasonal variation: —6) and
+57 cryptosporidiosis cases (total number of cases:
160; trend: 49; seasonal variation: 54) were identified
during that month. This finding demonstrates an
unusual pattern of infection during the year 2016:
VTEC and cryptosporidiosis are characterised by
different seasonal patterns. The highest incidence

of human cases of cryptosporidiosis usually occurs
during late spring, from March to May (peak in April) in
Ireland, temporally concurring with agricultural cycles
(i.e. calving and lambing seasons, slurry spreading)
(Callaghan et al., 2009; Pollock et al., 2010). In
contrast, the highest incidence of VTEC typically
occurs during summer and early autumn (peak in July)
owing to increased consumption of meat products,
livestock grazing and international travel (Lal et al.,
2012; OhAiseadha et al., 2017). Accordingly, the
atypical timing of the decomposed VTEC peak, in
concurrence with the residual synchronicity between
both infections, provides a strong indication of an
impacting external factor, such as a relatively large,
spatially diffuse outbreak (overlooked by standard
surveillance measures), or a temporally specific
societal or environmental event.

Space—time scanning identified 10 spatiotemporally
distinct clusters that overlapped in April 2016, with
the occurrence of an overlooked infection cluster

or outbreak adjudged to be extremely unlikely. The
spatial distribution of identified clusters indicates that
cryptosporidiosis cases were nationally widespread,
while VTEC clusters were proximal to the Shannon
River basin, albeit relatively separate from each other.
The Shannon River basin and, more generally, rural
areas in the midlands of Ireland have previously been
identified as hotspots for both infections (HPSC,
2019a,b). The susceptibility of this area may be
associated with a high cattle density and reliance on
private (unregulated) groundwater supplies (CSO,
2018), or the presence of karst areas, previously
identified as risk factors for both infections (Money

et al., 2010; Garvey et al., 2016b; HPSC, 2019a,b).
The presence of unseasonal VTEC clusters in this
area also calls into question the potential relationship

between the flooded areas and the infection incidence.

During the 2015-2016 flood event, a large part of

the Shannon River basin, including a majority of
agricultural lands, was identified as the worst-affected
area of the country (O’Hara et al., 2019).

43

4.4.2  Generalised linear modelling

The spatial extent of the 2015-2016 flood event

was found to have a systematic association with
both infection incidence and study duration (flood
and non-flood periods; see section 3.2). This

finding, in concurrence with the Spearman’s results
(Figures 4.8 and 4.9) exhibiting systematic significant
positive associations between surface water and
both infections, suggests that fluvial flooding played
a role in infection incidence. Fluvial flooding has
previously been identified as a potential transmission
route for both infections. For example, a study from
Germany (Gertler et al., 2015) revealed that an
unexplained outbreak in the city of Halle might have
been related to the unusually high concentration of
Cryptosporidium oocysts (C. hominis) in the Saale
River approximatively 2 months after a major flood
event. Similarly, Schwartz et al. (2008) showed that
enterotoxigenic E. coli (ETEC) was a major source
of acute watery diarrhoea during a flood period

in Bangladesh. The flood extent association was
found to be lower during the flood period. A potential
explanation for this may be a change in social
behaviours; a recent study (McDowell et al., 2020)
demonstrated that private well owners experiencing
(or observing) flooding in the vicinity of their domestic
water source are more likely to change their drinking
source and switch to bottled water.

In comparison with VTEC, significantly higher levels
of associations were found between cryptosporidiosis
and:

e the 2015-2016 flood extent (flood and non-flood
periods);

e presence of water bodies (flood and non-flood
periods);

e fluvial flood risk scenarios (non-flood period only).

These findings suggest that human cases of
cryptosporidiosis are more likely to occur in flood-
prone areas and areas with surface water bodies
than VTEC enteritis outside flood periods. This
result may be explained by a higher concentration of
Cryptosporidium spp. in surface water. To date, several
studies have illustrated that Cryptosporidium oocysts
can be found in various surface water sources such
as lakes, rivers and drinking water supplies (Castro-
Hermida et al., 2009; Mons et al., 2009; Hamilton

et al., 2018). The prevalence of Cryptosporidium in
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water sources may be associated with the strong
resistance of pathogens in the environment (Medema
and Schijven, 2001). Cryptosporidium oocysts can
survive for up to 24 weeks in fresh surface water (Alum
et al., 2014), while VTEC survives for approximatively
6—12 weeks (Lothigius et al., 2010). Similarly,
Cryptosporidium spp. is particularly resistant to
chemical treatments, including chlorination (Dillingham
et al., 2002), while VTEC is typically inactivated by this
process (Kaneko, 1998).

No associations were found between cryptosporidiosis
and fluvial scenarios for the flood period, while a
significant statistical association between VTEC and
the fluvial medium probability scenario was noted

(OR 1.094; p=0.025). Conversely, the stronger

link between VTEC and fluvial risk scenarios from
2015-2016 suggests that VTEC might be more driven
by surface water during a flood period. This point was
partially confirmed by ARIMA findings.

Lower levels of association were found between the
fluvial flood risk probability scenario and the actual
flood extent for the non-flood period. This result
suggests that the low-probability fluvial flood risk
scenario (based on the 1000-year flood return period
or the maximum historical flood extent known) might
have been underestimated, but also illustrates the
exceptional intensity reached by the 2015-2016 flood
event (i.e. >1000-year flood return period).

Both infections were found to be less likely to occur

in areas characterised by a coastal flooding risk,

with significant negative associations found for
cryptosporidiosis during the non-flood period. Living
in a coastline area was also excluded as a risk factor
for VTEC in England and was associated with the lack
of popularity of freshwater swimming in the country
(Elson et al., 2018). Lower cattle and private well
densities in coastal areas, triggering a lower level of
pathogen concentrations on the surface, might also
explain that absence of correlation. Likewise, a recent
study pointed out that coastal areas of Ireland do not
figure as a hotspot for cryptosporidiosis incidence
(Boudou et al., 2021). Moreover, this result suggests
that coastal surge risk might not be considered a risk
factor for infection: to date, no scientific studies have
reported a groundwater contamination with enteric
pathogens in relation with a coastal surge (Andrade
etal., 2018).
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4.4.3  Time-series analysis

Significative positive associations between the
summed trend and residuals of both VTEC and
cryptosporidiosis, and all three hydrometeorological
studies, were obtained by both Spearman’s correlation
tests (Rg,>0) and ARIMA modelling (p>0.05). The link
between hydrometeorological variables and incidence
of gastroenteric infection has been shown by several
studies. For example, extreme rainfall has already
been identified as one of the various environmental
factors associated with acute gastroenteric

infections (Levy et al., 2016). Tornevi et al. (2014)
demonstrated that the occurrence of a rainfall event
(>15mm/24 hours) contributed to an increase in the
concentration of E. coli in a river 2 days later. Likewise,
rainfall has been identified to increase transport of
pathogens by overland flows or resuspension from
sediments, subsequently leading to contamination

of adjacent groundwater sources (Atherholt et al.,
1998; Latchmore et al., 2020). Similarly, Gleason

and Fagliano (2017) have shown that precipitation

is a key factor explaining the high incidence of acute
gastrointestinal illness among the younger population
in areas characterised by a high reliance on untreated
water systems.

With regard to the groundwater level association, the
high incidence of VTEC and cryptosporidiosis has
been attributed to the consumption of contaminated
groundwater in Ireland (Hynds et al., 2014a). To date,
only a few studies have assessed the link between
groundwater level and gastrointestinal infections.

A case study from Canada showed that the E. coli
concentration was higher in surface water during
recharging groundwater months in winter due to the
higher transport capacity of pathogens in surface and
subsurface water during wet conditions (Dwivedi et al.,
2016).

Spearman’s and ARIMA results revealed different time
responses between VTEC and cryptosporidiosis. With
regard to Spearman’s, the strongest associations for
all three hydrometeorological variables with higher
R, scores were obtained between weeks 1 and 5.
ARIMA results obtained for VTEC indicate a longer
time response, with the strongest associations
(highest p-values) found for weeks 12 and 13 (rainfall
and groundwater level) and between weeks 18 and

19 (surface water). The associations found with
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surface water and VTEC are significantly higher than
the ones found with rainfall and groundwater.

This result tends to confirm the finding obtained from
GLM (e.g. significative association with the medium-
probability fluvial flood risk scenario), indicating that
VTEC might be more driven by surface water during
a flood period. Moreover, considering the incubation
period for VTEC, estimated to be between 1 and

9 days (1-2 weeks; Karmali et al., 2010), and the
timing of the flood event (16 weeks from April 2016),
a link may therefore be established between the

river flow measured in early 2016 and the unusual
and unseasonal peak of infection in April 2016. This
indirect response between stream flows and VTEC
incidence might be associated with the mobilisation of
faecal contaminants, present on an already saturated
floor by overland flows, subsequently leading to an
increase in the level of bacteria in water sources.
Accordingly, Nagels et al. (2002) showed that the
concentration of E. coli pathogen in a pastoral
agricultural stream follows the streamflow peaks
recorded during the flood event.

In contrast to surface water, the timing of the lags
obtained with ARIMA between VTEC and both rainfall
and groundwater (between weeks 12 and 13) does
not suggest a link with the storms of 2015-2016.
However, an association with the secondary VTEC
incidence peaks of infections recorded in June and
July 2016 might be suggested. Indeed, as mentioned
previously, while the April 2016 peak association

with surface water may be explained by the high soil
saturation from December 2015 to January 2016 (due
to the high volumes of precipitation), the secondary
peaks of June and July 2016 might be explained by
the relatively drier conditions. Accordingly, significantly
lower levels of soil saturation occurred nationwide
from February to April 2016, probably contributing

to increased recharge to soils and groundwater,

and increased levels of groundwater contamination.
This hypothesis supports the findings from a study
conducted by Carlton et al. (2014), who showed that
heavy rainfall occurring after a dry period of 8 weeks
enhanced the transfer capacity of pathogens by
run-off and surface water, consequently leading to

an increase in the concentration of E. coli pathogens
in drinking water sources. In contrast, heavy rainfall
occurring after an 8-week wet period would tend

to dilute the concentration of pathogens, and was
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not directly associated with an increase in infection
incidence (Carlton et al., 2014).

The strongest associations obtained for
cryptosporidiosis were between weeks 15 and 19

for Spearman’s correlation test, and between

weeks 18 (groundwater, rainfall) and 19 (surface
water) for ARIMA. Both of these findings therefore
indicate a significantly longer response for
cryptosporidiosis than for VTEC. This may be
explained by the survival capacity of both pathogens:
up to 24 weeks for cryptosporidiosis (Alum et al.,
2014) and approximatively 6 to 12 weeks for VTEC
(Lothigius et al., 2010). Likewise, cryptosporidiosis
pathogens were shown to be more persistent in
subsurface environments than E. coli (Bouchier, 1998),
consequently suggesting a more indirect response to
weather for cryptosporidiosis.

Similarly to VTEC and surface water, the lags
obtained by ARIMA suggest a potential link between
the hydrometeorological variables from the flood
events of 2016 and the cryptosporidiosis peak of
infection of April 2016. Given the incubation period

of approximatively 2 weeks for cryptosporidiosis,

the association might be established between 16 to
17 weeks prior to the April peak and then associated
with the hydrometeorological features from December
2015 to January 2016. In contrast to VTEC, the peak
of cryptosporidiosis might therefore be associated with
all three hydrometeorological variables.

The modelling step suggests that the lag between
flood events and peak infection is longer than that
reported in previous studies. Bimal et al. (2017) found
that the risk of cryptosporidiosis and giardiasis for

an urban population supplied by a single drinking
water system was significantly higher between 4 and

6 weeks after the occurrence of a heavy rainfall event
(and more particularly after a dry period). Galway et al.
(2015) showed a link between total precipitation, mean
streamflow and acute gastroenteric incidence during
the same month. The specific context of the flood
events might explain the longer lag periods found in
the current study. For example, Gartner et al. (2015)
established a link between a flood event and peak
incidence of cryptosporidiosis almost 10 weeks after
the flood event.

The Spearman’s results showed no major differences
between the Lower and Upper Shannon basins.



Spatiotemporal Epidemiology of Primary Waterborne Infections — Cryptosporidium and VTEC

However, the ARIMA results showed a significantly
higher association between VTEC and surface

water discharge (and potentially associated with the
2015-2016 flood event as mentioned previously) in the
Lower Shannon river basin. The space—time scanning
analysis also confirmed the higher incidence of VTEC
in the Lower Shannon; the two clusters occurring in
April 2016 were partially located in this subcatchment.
In contrast to VTEC, a slightly higher level of
association was obtained for the Upper Shannon river
basin. Several factors might explain this difference,
such as a potential higher density of private wells or
septic tanks — both key factors of infection incidence
(Money et al., 2010; Garvey et al., 2016b) — different
geological features [the presence of karst, especially
limestone (predominant in Ireland), has been identified
as a risk factor for both E. coli and Cryptosporidium
(Luffman and Tran, 2014)], or a higher intensity of
rainfall/flood events in one of the two catchments.
Additional analyses based on the geological and
anthropogenic characteristics of both catchment areas
would be required to explain those differences.

4.5 Conclusions and Perspectives

The current study identified several patterns indicating
a potential link between the 2015-2016 flood and an
unusual peak of infections of cryptosporidiosis and
VTEC in April 2016. The findings highlight concerns
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about the association between extreme flood events
and waterborne infections in Ireland, particularly with
regard to the expected increase in flood frequency and
severity. Accordingly, a few recommendations can be
made for public health services. First, the incidence of
waterborne infections within a flood context should, as
a precaution, be monitored for up to several months
after the flood occurs. This is particularly the case

in flood-prone areas given the high susceptibility of
these areas, as highlighted by the results. Second,
the use of private well supplies should be strictly
regulated. A sampling campaign would be relevant
within the perspective of a future flood in order to

fully understand the spatiotemporal dynamics of both
pathogens during a flood event.

The research protocol developed for the current
study enabled a retrospective analysis of the impact
of a generalised and exceptional flood event on

the incidence of two gastrointestinal infections. The
seasonal decomposition and space—time scanning
contributed to highlighting an unusual pattern of
infections during the flood year. Similarly, the time-
series analysis, supported by Spearman’s and ARIMA,
identified a link between infections and weather
variables, and provided some insights into the weight
and timing of each factor. A similar method could be
employed to assess the impact of future events on
infectious diseases.



5 Conclusion and Recommendations

Despite the mandatory surveillance of
cryptosporidiosis and VTEC enteritis in Ireland owing
to their communicable disease status, it is widely
considered that both diseases remain under-reported
in Ireland and on a broader European level (ECDC,
2019a,b; HPSC, 2019a,b). The spatiotemporal
epidemiology of the assessed infections reflects
Ireland’s diverse population and geography, although
it shows a markedly higher rate of occurrence in
rural areas, likely to be due to the ubiquity of disease
sources (e.g. cattle) and pathways (e.g. karstic
limestone bedrocks). The elevated burden among
children aged <5 years is likely to be related to both
immunological status and specific routes of exposure,
and warrants further study. The STEP_WISE

project represents a significant advance in efforts

to investigate the spatiotemporal epidemiology of
environmentally associated diseases with a view

to further elucidating pathways of infection to guide
public health interventions through an improved
understanding of their spatiotemporal occurrence,
clustering mechanisms, levels of recurrence,

and associated drivers, pathways and receptors.
Moreover, the STEP_WISE project has produced
several recommendations for further research and to
overcome limitations, as follows.

Spatial resolution: limitations of the small area
scale

The STEP_WISE project has shed light on the
complexity of working with data at the SA resolution.
SAs are the smallest administrative units existing

in Ireland, and were found to be too granular for
modelling. The large number of units (approximatively
18,000), along with potentially haphazard spatial
delineations (non-uniform spatial zoning associated
with an approximate number of dwellings), led

to spatial conflicts when performing modelling
techniques. Similarly, the SA scale, which changes
every 5 years, is not properly adapted to static spatial
modelling of complex sporadic infections characterised
by multiple source attributions and pathways, such as
cryptosporidiosis (low frequency of cases across the
spatial units).

A need for data harmonisation

Another limitation of the SA, along with ED and
county, is the fact that none of these spatial units
were initially designed for public health purposes. This
results in difficulties and approximation when linking
data provided from other public sources, themselves
designed for other purposes. A future objective is the
creation of a novel geographical health atlas, which
would lead to the creation of a new spatial scale
adapted for studying sporadic or endemic infections in
Ireland. Similarly, the data of interest (socio-economic
or geographical) identified and collected during the
STEP_WISE project would be harmonised to this new
spatial scale and made publicly accessible through

a data platform to facilitate the study of infectious
diseases by the stakeholders involved.

The benefit of space—time cluster frequency
index mapping

The first part of the STEP_WISE project aimed to
identify the spatiotemporal patterns of cryptosporidiosis
and VTEC in Ireland. This led to the elaboration of a
space—time cluster frequency index mapping. This new
tool detects and overlays yearly clusters of infections,
and was specifically adapted to the study of these
two sporadic infections. Accordingly, the space—time
cluster frequency index resolved the spatial issues
related to the scarcity of cases among Ireland by
identifying hotspots and cold spots of infections for
the total duration of the datasets. The cluster index
mapping was extensively and successfully used

to detect general spatial patterns associated with
cryptosporidiosis, VTEC, and the VTEC 026 and
0157 serotypes through machine learning techniques
(i.e. GLM, decision trees). The STEP_WISE project
recommends using and developing this tool for the
purpose of better understanding sporadic infections in
Ireland. This would require facilitating yearly access
to cases of infection from the Health Protection
Surveillance Centre, enabling the mapping to be
updated. One specific objective is to make this tool
available for public health scientists or stakeholders
through the data platform built for the Health Index
Atlas project.
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A geographically and temporally adapted
surveillance policy

The cluster frequency index mapping identified

the hotspots of infections and confirmed the rural
character of both VTEC and cryptosporidiosis
infections. The spatial distribution of space—time
clusters also highlighted the need for a geographically
adapted surveillance policy. Accordingly, the
STEP_WISE project recommends the further testing
of centres outside Dublin and in hotspot areas to
increase the diagnosis speed and accuracy. Similarly,
these hotspot areas must be seen as a priority target
for risk management and communication among
general practitioners and the PAR.

Along the same lines, the STEP_WISE project
highlighted the urgent need to develop a temporally
adjusted surveillance policy. The case—case modelling
revealed once again that the seasonal signal of

both infections remains the most important temporal
characteristic of cryptosporidiosis and VTEC (and
associated serotypes). Sampling campaigns of
groundwater quality should therefore focus on time
frames consistent with the highest incidence of cases
(April for cryptosporidiosis; July and September

for VTEC). This may improve the understanding

of potential pathways of infection. Consequently, a
real-time surveillance policy should be developed
after the onset of extreme weather events.
Accordingly, the STEP_WISE project established the
relationship between the extreme winter flood event of
2015-2016 and the abnormal surge of cases reported
from April to June 2016. Unfortunately, owing to the
absence of groundwater contamination data and the
temporal gap between the study and the onset of

the extreme weather event, our understanding of the
mechanisms that explain the high number of cases
remains incomplete.
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The importance of socio-economic and
demographic attributes

The modelling of spatial attributes of both infections
allowed for a clearer picture of their potential drivers.
The variables related to septic tanks, private wells
and cattle density were surprisingly found to be not

as significant as expected. This result may reflect the
existence of better indicators of high-risk areas, such
as geology, landscape type, flood risk areas or socio-
economic attributes. Among these, socio-economic
and demographic variables were found to be important
to consider. All final models revealed the presence of
at least one variable belonging to this subgroup. For
example, the number of people per room was found
to be negatively associated with the presence of
cryptosporidiosis. A similar finding, along with a higher
proportion of low-skilled workers, was identified among
the main factors explaining the increased presence

of VTEC. Along the same lines, a higher percentage
of vulnerable population, i.e. aged under 18 and over
65 years, was highlighted as a factor common to both
infections. These results indicate the importance of
risk education in identified hotspots, especially among
dwellings associated with a low level of education.
The STEP_WISE project recommends establishing
adapted risk communication strategies in identified
hotspots.

The importance of a data pipeline

The creation of a data pipeline that would improve
access to the datasets of the different actors involved
in the prevention of sporadic infection is one of the
key recommendations of the STEP_WISE project.

As mentioned previously, the cluster frequency index
would need to be updated on a yearly basis to ensure
continuity and detect potential spatial evolution
among infection hotspots. Easier, expedited access to
anonymised cases of sporadic infections, along with
awareness of ongoing outbreaks, could significantly
improve the knowledge of sporadic infections in
Ireland.
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An Ghniomhaireacht Um Chaomhnu Comhshaoil

Ta an GCC freagrach as an gcomhshaol a chosaint agus
a fheabhsu, mar sh6cmhainn luachmhar do mhuintir
na hEireann. Taimid tiomanta do dhaoine agus don
chomhshaol a chosaint ar thionchar diobhalach na
radaiochta agus an truaillithe.

Is féidir obair na Gniomhaireachta a roinnt
ina tri phriomhréimse:

Rialail: Rialail agus cérais chomhlionta comhshaoil éifeachtacha a
chur i bhfeidhm, chun dea-thorthal comhshaoil a bhaint amach agus
dirid orthu sitid nach mbionn ag clof leo.

Eolas: Sonraf, eolas agus measunu ardchaighdeain, spriocdhirithe
agus trathuil a chur ar fail i leith an chomhshaoil chun bonn eolais a
chur faoin gcinnteoireacht.

Abhcéideacht: Ag obair le daoine eile ar son timpeallachta glaine,
tairgitla agus dea-chosanta agus ar son cleachtas inbhuanaithe i
dtaobh an chomhshaoil.

I measc ar gcuid freagrachtai ta:

Ceaddnu

> Gnfomhafochtaf tionscail, dramhaiola agus stérala peitril ar
scala mor;
Sceitheadh fuiolluisce uirbigh;
Usaid shrianta agus scaoileadh rialaithe Organach
Géinmhodhnaithe;
Foinsi radafochta iantchain;

> Astafochtal gas ceaptha teasa ¢ thionscal agus on eitliocht trf
Scéim an AE um Thradail Astaiochtal.

Forfheidhmid Naisilnta i leith Cursai Comhshaoil

> Inilichadh agus cigireacht ar shaoraidf a bhfuil ceadlinas acu én GCG;

> Curibhfeidhm an dea-chleachtais a stidradh i ngniomhafochtaf
agus i saoraidf rialdilte;

> Maoirseacht a dhéanamh ar fhreagrachtaf an ddarais aitidil as
cosaint an chomhshaoil;

> (Caighdean an uisce 6il phoiblf a rialdil agus udaruithe um
sceitheadh fuiolluisce uirbigh a fhorfheidhmid

> (Caighdean an uisce 6il phoibli agus phriobhaidigh a mheasunu
agus tuairiscid air;

> Comhordu a dhéanamh ar lionra d'eagraiochtai seirbhise poibli
chun tacu le gnfomhu i gcoinne coireachta comhshaoil;

> Andlf a chur orthu sidd a bhriseann dli an chomhshaoil agus
a dhéanann dochar don chomhshaol.

Bainistiocht Dramhaiola agus Ceimiceain sa Chomhshaol

> Rialachain dramhaiola a chur i bhfeidhm agus a fhorfheidhmiu
lena n-airftear saincheisteanna forfheidhmithe naisidnta;

> Staitisticl dramhaiola ndisidnta a ullmhd agus a fhoilsit chomh maith
leis an bPlean Naisiunta um Bainistiocht Dramhafola Guaisf;

> An Clar Naisiiinta um Chosc Dramhafola a fhorbairt agus a chur
i bhfeidhm;

> Reachtafocht ar riald ceimicean sa timpeallacht a chur i bhfeidhm
agus tuairiscid ar an reachtaiocht sin.

Bainistiocht Uisce

> PIlé le struchtdir naisitnta agus réigiinacha rialachais agus
oibritichdin chun an Chreat-treoir Uisce a chur i bhfeidhm;

> Monatdireacht, measunu agus tuairiscid a dhéanamh ar
chaighdean aibhneacha, lochanna, uisci idirchreasa agus costa,
uiscf snamha agus screamhuisce chomh maith le tomhas ar
leibhéil uisce agus sreabhadh abhann.

Eolaiocht Aerdide & Athru Aeraide

> Fardail agus réamh-mheastachain a fhoilsid um astaiochtai gas
ceaptha teasa na hEireann;

> Runaiocht a chur ar fail don Chomhairle Chomhairleach ar Athru
Aeradide agus tacalocht a thabhairt don Idirphlé Naisiunta ar
Ghniomhu ar son na hAeraide;

> Tacu le gnfomhaiochtal forbartha Naisiunta, AE agus NA um
Eolafocht agus Beartas Aeraide.

Monatéireacht & Measunu ar an gComhshaol

> (Corais ndisiinta um monatdireacht an chomhshaoil a cheapadh
agus a chur i bhfeidhm: teicneolaiocht, bainistiocht sonraf, anailis
agus réamhaisnéisiu;

> Tuairiscl ar Staid Thimpeallacht na hEireann agus ar Thascairf a
chur ar fail;

> Monatdireacht a dhéanamh ar chaighdeén an aeir agus Treoir an

AE i leith Aeir Ghlain don Eoraip a chur i bhfeidhm chomh maith

leis an gCoinbhinsiun ar Aerthruailli Fadraoin Trasteorann, agus

an Treoir i leith na Teorann Naisiunta Astafochtaf;

Maoirseacht a dhéanamh ar chur i bhfeidhm na Treorach i leith

Torainn Timpeallachta;

> Measunu a dhéanamh ar thionchar pleananna agus clar
beartaithe ar chomhshaol na hEireann.

v

Taighde agus Forbairt Comhshaoil

> Comhordu a dhéanamh ar ghnfomhaiochtaf taighde comhshaoil
agus iad a mhaoinid chun brd a aithint, bonn eolais a chur faoin
mbeartas agus réitigh a chur ar fail;

> Comhoibrit le gnfomhafocht naisidnta agus AE um thaighde
comhshaoil.

Cosaint Raideolaioch

> Monatdéireacht a dhéanamh ar leibhéil radaiochta agus
nochtadh an phobail do radafocht iandchain agus do réimsf
leictreamaighnéadacha a mheas;

> Cabhru le pleananna naisiunta a fhorbairt le haghaidh
éigeandalal ag eascairt as taismf nuicléacha;

> Monatdireacht a dhéanamh ar fhorbairti thar lear a bhaineann
le saoraidi nuicléacha agus leis an tsabhailteacht raideolaiochta;

> Sainseirbhisf um chosaint ar an radafocht a sholathar, né
maoirsid a dhéanamh ar sholathar na seirbhisf sin.

Treoir, Ardu Feasachta agus Faisnéis Inrochtana

> Tuairiscid, comhairle agus treoir neamhspleach, fianaise-
bhunaithe a chur ar fail don Rialtas, don tionscal agus don phobal
ar abhair maidir le cosaint comhshaoil agus raideolafoch;

> An nasc idir slainte agus folldine, an geilleagar agus timpeallacht
ghlan a chur chun cinn;

> Feasacht comhshaoil a chur chun cinn lena n-diritear tacu le
hiomprafocht um éifeachtdlacht acmhainni agus aistrid aeraide;

> Tastail raddin a chur chun cinn i dtithe agus in ionaid oibre agus
feabhsuchan a mholadh ait is ga.

Comhphairtiocht agus Lionru

> Oibrit le gnfomhaireachtaf idirndisiinta agus naisidnta, Udarais
réigiinacha agus aitilla, eagraiochtal neamhrialtais, comhlachtaf
ionadafocha agus ranna rialtais chun cosaint chomhshaoil agus
raideolafoch a chur ar fail, chomh maith le taighde, comhordu
agus cinnteoireacht bunaithe ar an eolaiocht.

Bainistiocht agus struchtur na
Gniomhaireachta um Chaomhna Comhshaoil
Ta an GCC a bainistit ag Bord lanaimseartha, ar a bhfuil
Ard-Stidrthdéir agus cligear Stidrthoir. Déantar an obair ar fud
cuig cinn d'Oifigf:

An QOifig um Inbhunaitheacht i leith Cdrsai Comhshaoil

An Oifig Forfheidhmithe i leith Cursal Comhshaoil

An Oifig um Fhianaise agus Measunu

An Oifig um Chosaint ar Radafocht agus Monatdireacht
Comhshaoil

5. An Oifig Cumarsaide agus Seirbhisi Corparaideacha

pPWN=

Tugann coisti comhairleacha cabhair don Ghniomhaireacht agus
tagann siad le chéile go rialta le plé a dhéanamh ar abhair imnf
agus le comhairle a chur ar an mBord.
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