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Abstract

Cryptosporidiosis causes gastroenteritis and is transmitted to humans via contaminated
water and food, and contact with infected animals and people. We analyse long-term crypto-
sporidiosis patterns across Australia (2001—2012) and review published Australian studies
and jurisdictional health bulletins to identify high risk populations and potential risk factors
for disease. Using national data on reported cryptosporidiosis, the average annual rate of
reported illness was 12.8 cases per 100 000 population, with cycles of high and low report-
ing years. Reports of illness peak in summer, similar to other infectious gastrointestinal dis-
eases. States with high livestock densities like New South Wales and Queensland also
record a spring peak in illnesses. Children aged less than four years have the highest rates
of disease, along with adult females. Rates of reported cryptosporidiosis are highest in the
warmer, remote regions and in Aboriginal and Torres Strait Islander populations. Our review
of 34 published studies and seven health department reports on cryptosporidiosis in Austra-
lia highlights a lack of long term, non-outbreak studies in these regions and populations,
with an emphasis on outbreaks and risk factors in urban areas. The high disease rates in
remote, tropical and subtropical areas and in Aboriginal and Torres Strait Islander popula-
tions underscore the need to develop interventions that target the sources of infection,
seasonal exposures and risk factors for cryptosporidiosis in these settings. Spatial epidemi-
ology can provide an evidence base to identify priorities for intervention to prevent and con-
trol cryptosporidiosis in high risk populations.

Author Summary

The parasite Cryptosporidium is a common cause of gastroenteritis worldwide. Inef-
fectively focused interventions are partly why the disease remains a challenge to control.
In this study, we describe the geographical, seasonal and demographic characteristics of
reported cryptosporidiosis in Australia from 2001-2012. We combine this analysis of ill-
nesses with evidence published in peer review articles and state health bulletins to identify
high disease risk areas and populations. We find that rates of reported cryptosporidiosis
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are highest in warm, remote areas and in Aboriginal and Torres Strait Islander popula-
tions’ dominated regions. Our review of the published literature and health reports high-
lights a focus on short term outbreaks in metropolitan areas. This negligible overlap
between areas with high disease rates and areas of public health focus is of concern. Public
health interventions and promotion programs to prevent and control diarrhoea need to
focus on remote and Indigenous dominated Australia to reduce the currently high rates in
these regions and populations.

Introduction

Cryptosporidiosis, caused by the intestinal parasite Cryptosporidium, is an important cause of
gastroenteritis worldwide, particularly in resource limited settings [1]. Infection commonly
presents as self-limiting gastroenteritis, but in the immune-compromised, children and the
elderly can result in persistent infection, malnutrition and, more rarely, death [2-4]. Cryptospo-
ridium is transmitted via the faecal-oral route and is easily spread through water [5], food [6],
contact with infected animals [7,8], contaminated environments [9] and through contact with
infected persons [10]. The pathogen requires a low infectious dose, oocysts are immediately
infectious once excreted and are resistant to traditional water treatment methods for drinking
water supplies and swimming pools, such as chlorination [11-13]. These characteristics make
Cryptosporidium ubiquitous in the environment and the disease a challenge to control. Despite
its importance worldwide, our limited understanding of the sources of infection and pathways
for spread has resulted in ineffective public health strategies to prevent human infection
[14,15].

Cryptosporidiosis is recognized as a parasitic disease with suboptimal disease prevention
measures resulting in high disease rates in some populations in Oceania, similar to other places
[16]. Identification of areas and time periods with consistently high rates of infection can help
determine the environmental, socio-economic and demographic risk factors for disease. This
knowledge can inform the development of targeted public health interventions to reduce dis-
ease. To date, there are no national descriptions of the seasonal, spatial and population-specific
patterns of reported cryptosporidiosis in Australia.

Cryptosporidiosis became a nationally notifiable disease in Australia in 2001 [17]. We use
Geographic Information Systems (GIS) approaches to identify and visualize high risk popula-
tions across Australia from 2001 to 2012. Our analysis provides an insight into environmental,
social and demographic factors at the population level that may result in localized areas and
time periods of high cryptosporidiosis risk. Combined with a review of published literature on
cryptosporidiosis in Australia, we identify high risk groups that may benefit from targeted
interventions for disease control.

Methods
Literature review of cryptosporidiosis in Australia

Using three electronic databases, PubMed, Web of Science and Embase, publications that focused
on cryptosporidiosis in Australia were identified. The keywords used were: (“Australia”), AND
(“cryptosporidiosis”, “cryptosporidium”). No language or database or time restrictions were
imposed on the searches. Full-text versions of the articles that focused on cryptosporidiosis in
humans were obtained and their reference lists were manually searched to identify any further
relevant manuscripts. Bibliographies of reviews published on Cryptosporidium epidemiology
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were also examined to identify additional sources for inclusion in the review. We also searched
jurisdictional health departments’ public health bulletins in order to capture Cryptosporidium
spp. outbreak reports and surveillance summaries. For the relevant studies, the following infor-
mation was recorded: authors and year of publication, location, outbreak or sporadic, study
design, the main risk factors or potential sources of infection identified.

Data sources

All cases of cryptosporidiosis reported during 2001-2012 in Australia were obtained from the
National Notifiable Diseases Surveillance System, which is overseen by the Communicable Dis-
ease Network Australia and managed by the Australian Government Department of Health.
Case data obtained included notification date, sex, age (in five year age groups), Aboriginal and
Torres Strait Islander (ATSI) status, state and postcode of residence. Ethical approval for the
study was obtained from the Australian National University prior to data release. For notifica-
tions, cases were defined according to the national case definition for confirmed cases, requir-
ing laboratory definitive evidence only with no clinical criteria [17,18].

Annual population denominator data by age, sex, ATSI status and state were based on Esti-
mated Resident Population (ERP) estimates produced annually by the Australian Bureau of
Statistics (ABS). Geographical State and Territory and postal area boundaries were obtained
from the ABS. The Postal area boundaries produced by the Australian Bureau of Statistics dif-
fer between each census, due to population changes, changes to postal distribution areas and
changes to the ABS methodology in defining postal area boundaries. For the 2001 and 2006
census, postal area boundaries were based on census districts and for 2011, the methodology
was changed to ensure postal areas matched Statistical Area 1 boundaries (a non-administra-
tive, geographical unit defined by the Australian Bureau of Statistics). This resulted in postal
areas being removed, added and boundary changes. The ABS has not produced correspon-
dence files allowing postal areas from 2001 and 2006 to be matched to 2011 boundaries. There-
fore in this paper, data from 2001-2005 were mapped using the 2001 postal area boundaries;
data from 2006-2010 were mapped using the 2006 postal area boundaries and data from 2011-
2012 were mapped using the 2011 postal area boundaries. More information on postal area
boundaries can be found at www.abs.gov.au.

Analysis

National, State/Territory, age and sex specific cryptosporidiosis rates were calculated using the
annual ERPs for each year from the ABS and converted to rates per 100 000 population. Sea-
sonal patterns were visualized using the total number of notifications by week over the study
period for each State and Territory. As data were available at the postal area level, using the
ABS index of remoteness for 2011[19], each postcode was assigned a value of “remoteness” to
describe cases by location. The ABS classification for remoteness designates each area as either
‘major cities’ ‘inner regional’, ‘outer regional’, ‘remote’ or ‘very remote’. To generate maps of
reported illness by ATSI status, the total number of notified ATSI cases in each region was
divided by the total ATSI population from the relevant census and converted to rates per
100,000 population. It is important to note that there is variation across the states and territo-
ries in the completeness of reporting of ATSI status for cryptosporidiosis. Following the meth-
ods of the Australian Institute of Health and Welfare, to assess completeness of reporting by
State and Territory, we used a cut-off of 50% completeness of ATSI status for the period 2009-
2012 [20]. All States and Territories met this criterion, apart from Victoria (48% complete with
52% of records with a blank field for ATSI status) and Queensland (44% complete with 56% of
records with a blank field for ATSI status). Victoria and Queensland were excluded from the
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calculation and visualization of rates of reported cryptosporidiosis for ATSI populations. Stata
v 13.0 and Microsoft Excel 2010 were used for data management and analysis including rate

calculations and confidence intervals (using the command “ci” to generate the mean, standard
error and 95% confidence intervals for each category). ArcGISv10.0 was used for mapping.

Results
Literature review of cryptosporidiosis in Australia

We found 38 relevant published studies on cryptosporidiosis in Australia, of which 34 studies
are summarized in S1 Table. The full texts of four studies published prior to 1993 were not
available. We found 9 additional reports from searching the jurisdictional health bulletins. Of
these, one was published as a peer reviewed research article while two descriptions reported on
the same outbreak. Together, there were 41 individual reports on cryptosporidiosis in Austra-
lia. Overall, 56% (23/41) of published studies were conducted in urban settings, 14% (6/41)
focused on remote regions, 27% (11/41) were state-wide analyses and the locations in which
samples were obtained were unknown for three studies. Of the eight studies that used a case-
control study design, six identified swimming pools as the main risk factor for outbreaks and
sporadic cases in urban areas. Consumption of unpasteurized milk and calf contact at an agri-
cultural show and animal petting farms were identified as risk factors for three other outbreaks.
Of the molecular focused studies, 83% (10/12) identified cattle subtypes in human infections,
two identified a kangaroo subtype in a human infection and one case report described a wildlife
associated genotype. Four studies used data for over five years with data limited to state specific
reported incidence.

Time trends and seasonal patterns

The average annual rate of reported cryptosporidiosis was 12.8 cases per 100 000 population.
Cryptosporidiosis notifications showed distinct cycles over the 12 year period from 2001 to
2012. The rate of reported illnesses peaked in 2002, 2005 and 2009, and was lower in the years
2003, 2008 and 2010 (Fig 1). The number of illnesses was highest in 2009 with 4625 notified
cases nationally.

A seasonal pattern of disease notification remained consistent throughout the reporting
period and was evident in most States and Territories (Fig 2). Notifications peaked towards the
end of summer starting in week six (February) with the Australian Capital Territory, and end-
ing with the Northern Territory in week 9 (early March) (Fig 2). Tasmania, Queensland and
New South Wales also saw rising numbers of notifications in spring, from week 39 (September)
onwards. Victoria also has a smaller, later spring peak from week 45 (late October) onwards.

Geographic distribution

Average annual cryptosporidiosis rates of reported illness by remoteness category are shown in
Fig 3. The lowest rate of notifications was in the major cities (7.7 per 100 000 population), fol-
lowed by inner regional areas (9.0 per 100 000 population), outer regional areas (12.7 per 100
000 population), and remote areas (17.1 per 100 000 population). The areas categorized as
“very remote” had the highest average rates of notification (44.9 per 100 000 population).

Demographic trends

Opverall, the highest number of reported illnesses was seen in children aged 0-4 years, compris-
ing 45% (15852/35455) of all reported illnesses (Table 1). Overall, males and females showed a
similar distribution of illnesses with 17551 (49.5%) and 17904 (50.5%) illnesses respectively.
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Fig 1. Average annual rates of reported cryptosporidiosis per 100 000 population across Australia, 2001-2012.

doi:10.1371/journal.pntd.0004078.9001

Queensland had the highest number of reported illnesses (n = 12271), while Tasmania had the
lowest (n = 706) (Table 1). Average annual rates of reported cryptosporidiosis vary by age, gen-
der and geographic region (S1 Fig). Using annual population estimates for each age and gender
group, all States and Territories had the highest average notification rates in boys aged 0-4
years and higher rates for adult females across the age groups 20 to 39 years compared to males
(S1 Fig).

Over the 12 year period, rates of reported cryptosporidiosis in ATSI populations were high-
est in the northern, tropical region of Australia with high rates in parts of Western Australia
(Fig 4). When the rates of reported cryptosporidiosis for the general population were viewed in
relation to the distribution of climatic regions and remoteness categories identified by the ABS
(S2 Fig), we observed consistently high rates of reported cryptosporidiosis in the warmer tropi-
cal and subtropical, remote and very remote areas (S3 Fig).

Discussion

Rates of reported cryptosporidiosis in Australia are 12.8 illnesses per 100 000 population. Rates
in other developed countries with similar surveillance systems are generally lower at 2.9 per
100 000 (United States) [21] and 2.7 per 100 000 (Canada) and 8 per 100 000 (England and
Wales), but higher in New Zealand at 22 per 100 000 [22]. These high rates support Cryptos-
poridium’s status as an important parasitic infection of the Oceanic region [16]. Cryptosporidi-
osis patterns in Australia show marked geographic and demographic variations in disease
reporting rates. The high rates of reported illness in the warmer, remote and Indigenous domi-
nated areas in Australia combined with the lack of literature on non-outbreak disease patterns
in these settings is of concern.
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Fig 2. Total weekly number of cryptosporidiosis notifications across Australian states and territories, 2001-2012.

doi:10.1371/journal.pntd.0004078.9002

Environmental transmission cycles between humans and animals or contaminated environ-
ments are likely to be an important mode of disease spread in some regions. Livestock are an
important reservoir of Cryptosporidium. Of interest is the increase in the number of reported
illnesses in spring in Queensland and New South Wales. According to the 2011 Agricultural
Census [23], these States were the leading cattle (dairy and meat) rearing regions in Australia.
This seasonal pattern may be due to transmission from young livestock born at this time, as
young calves harbor high loads of the Cryptosporidium strain known to cause disease in
humans [24-26]. Spring peaks in reported cryptosporidiosis in humans have been documented
to coincide with the presence of young livestock, notably cattle, known to carry a considerable
load of Cryptosporidium spp. capable of causing human infection in New Zealand and the UK
[8,24,27]. In Australia, associations between cryptosporidiosis and cattle are evident from our
review of published studies which include molecular studies indicating the existence of cattle
adapted strains in human cases [28-31], outbreaks related to the consumption of unpasteur-
ized milk [32] and attendance at an animal fair [33] and an animal petting farm [34]. Of inter-
est is the increasing molecular evidence of many different strains of Cryptosporidium in the
environment and animals, whose potential for infection in humans is largely unknown [35].

Strong seasonal patterns in the number of reported illnesses are also evident in other states
and territories, with increasing numbers of reported cases in December through to March; a
pattern maintained throughout the reporting period. A study included in our review shows
that in Brisbane, a subtropical city of Queensland, Australia, hot temperatures and dry condi-
tions were associated with an increased risk of cryptosporidiosis [36]. Globally,
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Fig 3. Average rates of reported cryptosporidiosis per 100 000 population (with 95% confidence Intervals) by remoteness category across

Australia, 2001-2012.
doi:10.1371/journal.pntd.0004078.9003

cryptosporidiosis shows a strong association with rainfall and temperature variability [37,38]
across a wide range of climatic regions and countries [39]. Quantifying the association between
disease risk and environmental factors such as weather variability and proximity to livestock
and wildlife can help identify populations at imminent risk of infection.

Residing in remote or rural regions has been identified as a risk factor for cryptosporidiosis
in studies published elsewhere [40,41]. We show that in Australia, rates of reported cryptospo-
ridiosis increase with increasing remoteness. Rural living as a risk factor for cryptosporidiosis
is particularly linked to cattle density [42]. Our review of the published literature suggests that
cattle are likely to be an important reservoir of human infection in some rural areas. However,
remote living may also be associated with less than ideal hygienic conditions for food prepara-
tion and storage [43], poor housing and household overcrowding [44]. Indeed, in remote
Indigenous communities, hygiene and public health interventions, which include handwashing
with soap and water, sanitation and hygiene promotion are most likely to reduce diarrhoeal ill-
ness, especially in children [45]. In the only outbreak reported in remote Northern Territory,
human to human transmission was implicated as the cause of cryptosporidiosis spread in
younger age groups. Inadequate provision of drinking water and protection of drinking water
sources from faecal contamination has been implicated as the source of several outbreaks of
cryptosporidiosis elsewhere [46]. In remote Australia, the lack of adequate quantities of potable
drinking water has been identified as a major health issue [47] and may partly be responsible
for the high cryptosporidiosis rates in these areas. To develop effective interventions tailored to
these settings, we need to target the environmental and social factors and individual behaviors
that drive the high rates of disease in remote areas.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004078 September 22, 2015 7/13



@ PLOS | Teshicat biseases

Cryptosporidiosis in Australia

Table 1. Number and percentage of reported cryptosporidiosis by age group, gender and State or Territory of residence, 2001-2012.

Characteristic
Age groups (years)

0-4

5-9

10-14

15-19

20-24

25-29

30-34

35-39

40-44

45-49

50-54

55-59

60-64

65-69

70-74

75-79

80-84

85+
Gender
Male
Female
State
Queensland
New South Wales
Victoria
Western Australia
Northern Territory
South Australia
Australian Capital Territory
Tasmania

doi:10.1371/journal.pntd.0004078.t001

Number of ilinesses % of total Average annual crude rates per 100 000 population
15852 447 105.2
4622 13.0 134
1991 5.6 6.1

995 2.8 2.6
1553 4.3 4.4
2105 5.9 5.1
2627 7.4 7.0
2113 5.9 5.5
1028 2.9 2.8
583 1.6 2.2
472 1.3 1.4
445 1.2 2.1
321 0.9 2.0
260 0.7 1.4
150 0.4 1.1
132 0.3 1.3
82 0.2 4.3
84 0.2 3.2
17551 49.5 9.6
17904 50.4 9.4
12271 34.6 20.7
8082 22.8 7.9
6514 18.3 9.8
3152 8.8 124
1986 5.6 63.3
1983 5.5 8.9
761 2.1 8.1
706 1.9 9.1

Consistent with published studies, strong age related patterns in reported illnesses were
identified. The 04 year age group had the highest rates of reported cryptosporidiosis consis-
tently over the 12 year period. Such a pattern could be a result of increased contact with sources
of infection [48], susceptibility to infection due to immunological naiveté or a greater probabil-
ity of seeking treatment [49]. As Cryptosporidium is transmitted through the faecal-oral route,
higher disease rates in adult females between 20 and 39 years may be partly explained by nappy
changing and child minding activities (25, 26) which have been identified as risk factors in pre-
vious cryptosporidiosis studies [50,51]. In low income settings, some studies have found that
cryptosporidiosis in children is associated with malnutrition and was linked to delayed growth
and development [3,52,53] and death [4]. While the high rates of cryptosporidiosis in pre-
school children is widely established [1,22], gaps in our understanding of the factors that drive
this high burden of disease remain. A follow up of children with cryptosporidiosis could pro-
vide valuable information on immunity to recurrent infections and growth outcomes in remote
Australian communities with high cryptosporidiosis rates.
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Fig 4. Average rates of reported cryptosporidiosis per 100 000 indigenous population (excluding Queensland and Victoria) for (A) 2001-2005
using 2001 postal area boundaries (B) 2006-2010 using 2006 postal area boundaries (C) 2011-2012 using 2011 postal area boundaries.

doi:10.1371/journal.pntd.0004078.9004

Some studies have found that Indigenous populations and minority ethnic groups have
lower rates of reported illnesses and hypothesized that such patterns could be due to poorer
access to health resources resulting in lower testing and reporting rates of illnesses [54,55].
However, despite the under reporting associated with surveillance systems [56] and the lack of
health resources in these areas [57], we found that that high rates of reported cryptosporidiosis
in Australia cluster in areas with a high proportion of ATSI populations (parts of the Northern
Territory, which has the highest proportion of ATSI people in Australia, followed by Western
Australia). Thus, the real burden of cryptosporidiosis in these communities is likely to be much
higher. Cryptosporidiosis is already recognized as an important parasitic disease in the Oceanic
region [16] with much higher rates of reported infection in ATSI peoples [57]. Our findings
support these studies and add further evidence to show that this is an important issue for public
health deserving of ongoing attention with respect to interventions for disease control.

Study limitations and strengths

The main limitation of this study is that it was based on passive surveillance data, which is
known to suffer from significant under reporting [56]. However, the seasonal patterns and
marked geographic variation in the rates of reported cryptosporidiosis identified here are indic-
ative of locality specific exposures and risk factors. Such an analysis is only possible with data
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that are collected across space and over time. There has been no change of reporting practices
for Cryptosporidium that has occurred over the time period of analysis, either nationally or
locally. The incompleteness of ATSI status reporting, particularly in Queensland where only
48% of the data were complete, indicates that detailed statistical analysis using the current
ATSI status data would be unwise at the national scale. Finally, different species can be spatially
and temporally distinct in their prevalence and transmission pathways, potentially resulting in
different patterns of disease incidence [58]. Although we were unable to address species differ-
ences, this also represents strength of our study. Molecular methods to identify species and
serotypes may differ across States and Territories accounting for inter-state differences in dis-
ease patterns, therefore analysis at genus level only is most reliable across Australia and
internationally.

Conclusions

Rates of reported cryptosporidiosis in Australia are higher than many comparable developed
countries. Through our analysis of reported illness data and summary of published and health
department literature we show that the majority of these studies are short term outbreak
reports and focused molecular studies, providing limited understanding of disease patterns
Australia-wide.

We identified strong seasonal patterns in notification data that suggest environmental fac-
tors are important predictors of cryptosporidiosis risk. Investigating the association between
cryptosporidiosis and regional weather variability and proximity to livestock will provide
important information on environmental transmission of Cryptosporidium.

The finding that children under four years old, particularly male children, are at increased
risk, and a trend towards higher rates for females in the 20-39 years age group, is a common
pattern among enteric infections. However, cryptosporidiosis infection may be a marker for
impaired development and cognition in later life. Longitudinal studies that examine how envi-
ronmental and social factors affect growth and development of children are needed.

Rates of reported cryptosporidiosis are highest in the warm and ATSI population domi-
nated regions of Australia. Moreover, an increasing risk of reported cryptosporidiosis with
remote living is evident. The high rates of reported cryptosporidiosis in remote and ATSI dom-
inated regions suggest that the real incidence of cryptosporidiosis in these communities is
potentially much greater. Effective prevention and control of cryptosporidiosis requires inter-
ventions and promotions aimed at the environmental, societal and individual exposures that
underlie this localization of high cryptosporidiosis risk. Isolated epidemiological investigations
conducted in urban areas are unlikely to provide an insight into disease transmission in remote
areas. To control cryptosporidiosis in Australia, tailoring effective health interventions/promo-
tion for remote communities need to be a priority for public health research and action.

Supporting Information

S1 Checklist. STROBE checklist.
(DOC)

S1 Fig. Average age and gender specific rates of reported cryptosporidiosis per 100 000
population across Australian states and territories, 2001-2012.
(TIF)

S$2 Fig. Spatial distributions of climatic regions and remoteness categories using 2011
postal area boundaries.
(TIF)

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004078 September 22, 2015 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004078.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004078.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004078.s003

@' PLOS NEGLECTED
NZJ : TROPICAL DISEASES Cryptosporidiosis in Australia

S3 Fig. Average rates of reported cryptosporidiosis per 100 000 population for (A) 2001-
2005 using 2001 postal area boundaries (B) 2006-2010 using 2006 postal area boundaries
(C) 2011-2012 using 2011 postal area boundaries.

(TIF)

S1 Table. Summary of 41 studies focused on cryptosporidiosis in Australia; study focus,
location and design and main findings.
(DOCX)

Author Contributions

Conceived and designed the experiments: AL. Performed the experiments: AL LMC. Analyzed
the data: AL. Contributed reagents/materials/analysis tools: AL LMC EF KG MK. Wrote the
paper: AL LMC EF KG MK.

References

1. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, et al. (2013) Burden and aetiology of diar-
rhoeal disease in infants and young children in developing countries (the Global Enteric Multicenter
Study, GEMS): a prospective, case-control study. The Lancet 382: 209-222.

2. Girma M, Teshome W, Petros B, Endeshaw T (2014) Cryptosporidiosis and Isosporiasis among HIV-
positive individuals in south Ethiopia: a cross sectional study. BMC Infectious Diseases. pp. 100. doi:
10.1186/1471-2334-14-100 PMID: 24559235

3. Investigators TM-EN (2014) The MAL-ED Study: A Multinational and Multidisciplinary Approach to
Understand the Relationship Between Enteric Pathogens, Malnutrition, Gut Physiology, Physical
Growth, Cognitive Development, and Immune Responses in Infants and Children Up to 2 Years of Age
in Resource-Poor Environments. Clinical Infectious Diseases 59: S193-S206. doi: 10.1093/cid/ciu653
PMID: 25305287

4. Striepen B (2013) Parasitic infections: Time to tackle cryptosporidiosis. Nature 503: 189. PMID:
24236315

5. Slitko TR, Smith HV, Rose JB (2000) Emerging parasite zoonoses associated with water and food.
International Journal for Parasitology 30: 1379—-1393. PMID: 11113263

6. Smith HV, Caccio SM, Cook N, Nichols RAB, Tait A (2007) Cryptosporidium and Giardia as foodborne
zoonoses. Veterinary Parasitology 149: 29-40. PMID: 17728067

7. Uehlinger FD, Greenwood SJ, McClure J, Conboy G, O’Handley R, et al. (2013) Zoonotic potential of
Giardia duodenalis and Cryptosporidium spp. and prevalence of intestinal parasites in young dogs
from different populations on Prince Edward Island, Canada. Veterinary parasitology 196: 509-514.
doi: 10.1016/j.vetpar.2013.03.020 PMID: 23601666

8. Chalmers RM, Smith R, Elwin K, Clifton-Hadley FA, Giles M (2011) Epidemiology of anthroponotic and
zoonotic human cryptosporidiosis in England and Wales, 2004—2006. Epidemiology and Infection 139:
700-700-712.

9. Robertson LJ (2014) Transmission Routes and Factors That Lend Themselves to Foodborne Trans-
mission. Cryptosporidium as a Foodborne Pathogen. New York: Springer. pp. 11-12.

10. Heyman D (2004) Control of Communicable Diseases Manual. Washington, DC: American Public
Health Association.

11. Fayer R (2004) Cryptosporidium: a water-borne zoonotic parasite. Veterinary parasitology 126: 37-56.
PMID: 15567578

12. Smith HV, Nichols RAB, Grimason AM (2005) Cryptosporidium excystation and invasion: Getting to
the guts of the matter. Trends in Parasitology 21: 133—-142. PMID: 15734661

13. Yoder JS, Beach MJ (2010) Cryptosporidium surveillance and risk factors in the United States. Experi-
mental parasitology 124: 31-39. doi: 10.1016/j.exppara.2009.09.020 PMID: 19786022

14. Cabada MM, White AC Jr (2010) Treatment of cryptosporidiosis: do we know what we think we know?
Current Opinion in Infectious Diseases 23: 494-499. doi: 10.1097/QC0.0b013e32833de052 PMID:
20689422

15. Mead JR, Arrowood MJ (2014) Treatment of Cryptosporidiosis. Cryptosporidium: parasite and disease.
Vienna: Springer. pp. 455-486.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004078 September 22, 2015 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004078.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004078.s005
http://dx.doi.org/10.1186/1471-2334-14-100
http://www.ncbi.nlm.nih.gov/pubmed/24559235
http://dx.doi.org/10.1093/cid/ciu653
http://www.ncbi.nlm.nih.gov/pubmed/25305287
http://www.ncbi.nlm.nih.gov/pubmed/24236315
http://www.ncbi.nlm.nih.gov/pubmed/11113263
http://www.ncbi.nlm.nih.gov/pubmed/17728067
http://dx.doi.org/10.1016/j.vetpar.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23601666
http://www.ncbi.nlm.nih.gov/pubmed/15567578
http://www.ncbi.nlm.nih.gov/pubmed/15734661
http://dx.doi.org/10.1016/j.exppara.2009.09.020
http://www.ncbi.nlm.nih.gov/pubmed/19786022
http://dx.doi.org/10.1097/QCO.0b013e32833de052
http://www.ncbi.nlm.nih.gov/pubmed/20689422

@ PLOS | Teshicat biseases

Cryptosporidiosis in Australia

16.

17.

18.
19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kline K, McCarthy JS, Pearson M, Loukas A, Hotez PJ (2013) Neglected tropical diseases of Oceania:
review of their prevalence, distribution, and opportunities for control. PLoS Neglected Tropical
Diseases. pp. €1755. doi: 10.1371/journal.pntd.0001755 PMID: 23383349

Blumer C, Roche P, Spencer J, Lin M, Milton A, et al. (2003) Australia's notifiable diseases status,
2001: Annual report of the National Notifiable Diseases Surveillance System. 1-78 p.

Department of Health (2001) Case Definition for Cryptosporidiosis.

Australian Bureau of Statistics (2011) Australian Statistical Geography Standard (ASGS): Volume 5—
Remoteness Structure. In: Statistics ABo, editor. Canberra. pp. 7.

Australian Institute of Health and Welfare (2013) Indigenous Early Childhood Development National
Partnership Agreement: first annual report on health performance indicators. In: AIHW, editor.
Canberra.

Centers for Disease Control and Prevention (2013) Incidence and trends of infection with pathogens
transmitted commonly through food—foodborne diseases active surveillance network, 10 U.S. sites,
1996-2012. MMWR Morb Mortal Wkly Rep 62: 283—-287. PMID: 23594684

Snel SJ, Baker MG, Kamalesh V, French N, Learmonth J (2009) A tale of two parasites: the compara-
tive epidemiology of cryptosporidiosis and giardiasis. Epidemiology & Infection 137: 1641-1650.

Australian Bureau of Statistics (2012) 2011 Agricultural Census. In: Statistics ABo, editor. Canberra:
Australian Bureau of Statistics.

Learmonth J, lonas G, Pita A, Cowie R (2001) Seasonal shift in Cryptosporidium parvum transmission
cycles in New Zealand. Journal of Eukaryotic Microbiology Suppl: 34S-35S. PMID: 11906069

Learmonth J, lonas G, Pita A, Cowie R (2003) Identification and genetic characterisation of Giardia and
Cryptosporidium strains in humans and dairy cattle in the Waikato Region of New Zealand. Water Sci-
ence and Technology 47:21-26.

Smith RP, Chalmers RM, Mueller-Doblies D, Clifton-Hadley FA, Elwin K, et al. (2010) Investigation of
farms linked to human patients with cryptosporidiosis in England and Wales. Preventive Veterinary
Medicine 94:9-17. doi: 10.1016/j.prevetmed.2009.12.005 PMID: 20096944

Learmonth JJ, lonas G, Ebbett KA, Kwan ES (2004) Genetic characterization and transmission cycles
of Cryptosporidium species isolated from humans in New Zealand. Applied and Environmental Microbi-
ology 70: 3973-3978. PMID: 15240272

Ng J, Eastwood K, Durrheim D, Massey P, Walker B, et al. (2008) Evidence supporting zoonotic trans-
mission of Cryptosporidium in rural New South Wales. Experimental Parasitology 119: 192—-195. doi:
10.1016/j.exppara.2008.01.010 PMID: 18343369

Ng JS, Eastwood K, Walker B, Durrheim DN, Massey PD, et al. (2012) Evidence of Cryptosporidium
transmission between cattle and humans in northern New South Wales. Experimental Parasitology
130: 437-441. doi: 10.1016/j.exppara.2012.01.014 PMID: 22333036

O’Brien E, Mclnnes L, Ryan U (2008) Cryptosporidium GP60 genotypes from humans and domesti-
cated animals in Australia, North America and Europe. Experimental Parasitology 118: 118-121.
PMID: 17618622

Waldron LS, Ferrari BC, Cheung-Kwok-Sang C, Beggs PJ, Stephens N, et al. (2011) Molecular epide-
miology and spatial distribution of a waterborne cryptosporidiosis outbreak in Australia. Applied and
Environmental Microbiology 77:7766-7771. doi: 10.1128/AEM.00616-11 PMID: 21908623

Harper CM, Cowell NA, Adams BC, Langley AJ, Wohlsen TD (2002) Outbreak of Cryptosporidium
linked to drinking unpasteurised milk. Communicable Diseases Intelligence quarterly report. pp. 449—
450. PMID: 12416712

Ashbolt R, Coleman D, Misrachi A, Conti J, Kirk M (2003) An outbreak of cryptosporidiosis associated
with an animal nursery at a regional fair. Communicable Diseases Intelligence. pp. 244—249.

Western Australian Communicable Disease Control Directorate (2007) Cryptosporidiosis Alert. West-
ern Australian Department of Health.

Nolan MJ, Jex AR, Koehler AV, Haydon SR, Stevens MA, et al. (2013) Molecular-based investigation
of Cryptosporidium and Giardia from animals in water catchments in southeastern Australia. Water
Research 47:1726-1740. doi: 10.1016/j.watres.2012.12.027 PMID: 23357792

Hu W, Mengersen K, Fu S-Y, Tong S (2010) The use of ZIP and CART to model cryptosporidiosis in
relation to climatic variables. International Journal of Biometeorology 54: 433—440. doi: 10.1007/
s00484-009-0294-4 PMID: 20084521

Naumova EN, Christodouleas J, Hunter PR, Syed Q (2005) Effect of precipitation on seasonal variabil-
ity in cryptosporidiosis recorded by the North West England surveillance system in 1990-1999. Journal
of Water and Health 3: 185-196. PMID: 16075943

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004078 September 22, 2015 12/13


http://dx.doi.org/10.1371/journal.pntd.0001755
http://www.ncbi.nlm.nih.gov/pubmed/23383349
http://www.ncbi.nlm.nih.gov/pubmed/23594684
http://www.ncbi.nlm.nih.gov/pubmed/11906069
http://dx.doi.org/10.1016/j.prevetmed.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20096944
http://www.ncbi.nlm.nih.gov/pubmed/15240272
http://dx.doi.org/10.1016/j.exppara.2008.01.010
http://www.ncbi.nlm.nih.gov/pubmed/18343369
http://dx.doi.org/10.1016/j.exppara.2012.01.014
http://www.ncbi.nlm.nih.gov/pubmed/22333036
http://www.ncbi.nlm.nih.gov/pubmed/17618622
http://dx.doi.org/10.1128/AEM.00616-11
http://www.ncbi.nlm.nih.gov/pubmed/21908623
http://www.ncbi.nlm.nih.gov/pubmed/12416712
http://dx.doi.org/10.1016/j.watres.2012.12.027
http://www.ncbi.nlm.nih.gov/pubmed/23357792
http://dx.doi.org/10.1007/s00484-009-0294-4
http://dx.doi.org/10.1007/s00484-009-0294-4
http://www.ncbi.nlm.nih.gov/pubmed/20084521
http://www.ncbi.nlm.nih.gov/pubmed/16075943

@ PLOS | Teshicat biseases

Cryptosporidiosis in Australia

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Britton E, Hales S, Venugopal K, Baker MG (2010) The impact of climate variability and change on
cryptosporidiosis and giardiasis rates in New Zealand. Journal of Water and Health 8: 561-571. doi:
10.2166/wh.2010.049 PMID: 20375485

Jagai JS, Castronovo DA, Monchak J, Naumova EN (2009) Seasonality of cryptosporidiosis: A meta-
analysis approach. Environmental Research 109: 465-478. doi: 10.1016/j.envres.2009.02.008 PMID:
19328462

Abal-fabeiro JL, Maside X, Llovo J, Bartolomé C (2015) Aetiology and epidemiology of human crypto-
sporidiosis cases in Galicia (NW Spain), 2000—2008. Epidemiology & Infection FirstView: 1-15.

Pollock KGJ, Ternent HE, Mellor DJ, Chalmers RM, Smith HV, et al. (2010) Spatial and Temporal Epi-
demiology of Sporadic Human Cryptosporidiosis in Scotland. Zoonoses and Public Health 57: 487—
492. doi: 10.1111/j.1863-2378.2009.01247.x PMID: 19638164

Lal A, Hales S (2014) Heterogeneity in hotspots: spatio-temporal patterns in neglected parasitic dis-
eases. Epidemiology and infection: 1-9.

Bailie R, Stevens M, McDonald E, Brewster D, Guthridge S (2010) Exploring cross-sectional associa-
tions between common childhood illness, housing and social conditions in remote Australian Aboriginal
communities. BMC Public Health. pp. 147. doi: 10.1186/1471-2458-10-147 PMID: 20302661

Norman RE, Veerman JL, Scott J, Fantino E, Bailie R, et al. (2013) Environmental contributions to the
leading causes of disease burden among Australian children. Journal of Pediatric Gastroenterology
and Nutrition 56: 481-484. doi: 10.1097/MPG.0b013e3182848a23 PMID: 23319083

McDonald E, Bailie R, Brewster D, Morris P (2008) Are hygiene and public health interventions likely to
improve outcomes for Australian Aboriginal children living in remote communities? A systematic review
of the literature. BMC Public Health. pp. 153. doi: 10.1186/1471-2458-8-153 PMID: 18462504

Baldursson S, Karanis P (2011) Waterborne transmission of protozoan parasites: review of worldwide
outbreaks—an update 2004-2010. Water Res 45: 6603—-6614. doi: 10.1016/j.watres.2011.10.013
PMID: 22048017

Bailie RS, Carson BE, McDonald EL (2004) Water supply and sanitation in remote Indigenous commu-
nities-priorities for health development. Australian and New Zealand journal of public health 28: 409—
414.PMID: 15707181

Doorduyn Y, Van den Brandhof WE, van Duynhoven YTHP, Wannet WJB, van Pelt W (2006) Risk fac-
tors for Salmonella Enteritidis and Typhimurium (DT104 and non-DT104) infections in the Netherlands:
predominant roles for raw eggs in Enteritidis and sandboxes in Typhimurium infections. Epidemiology
and Infection 134:617-626. PMID: 16638166

Koehler KM, Lasky T, Fein SB, Delong SM, Hawkins MA, et al. (2006) Population-based incidence of
infection with selected bacterial enteric pathogens in children younger than five years of age, 1996—
1998. Pediatric Infectious Disease Journal 25: 129—-134. PMID: 16462289

Robertson B, Sinclair MI, Forbes AB, Veitch M, Kirk M, et al. (2002) Case-control studies of sporadic
cryptosporidiosis in Melbourne and Adelaide, Australia. Epidemiology and Infection 128: 419-431.
PMID: 12113486

Hunter PR, Hughes S, Woodhouse S, Syed Q, Verlander NQ, et al. (2004) Sporadic cryptosporidiosis
case-control study with genotyping. Emerging Infectious Diseases 10: 1241-1249. PMID: 15324544

Checkley W, Epstein LD, Gilman RH, Black RE, Cabrera L, et al. (1998) Effects of Cryptosporidium
parvum infection in Peruvian children: growth faltering and subsequent catch-up growth. American
Journal of Epidemiology 148: 497-506. PMID: 9737562

Checkley W, Gilman RH, Epstein LD, Suarez M, Diaz JF, et al. (1997) Asymptomatic and symptomatic
cryptosporidiosis: their acute effect on weight gain in Peruvian children. American Journal of Epidemiol-
ogy 145:156-163. PMID: 9006312

Baker MG, Sneyd E, Wilson NA (2007) Is the major increase in notified campylobacteriosis in New Zea-
land real? Epidemiology and infection 135: 163-170. PMID: 16753076

Lal A, Baker M, French N, Dufour M, Hales S (2012) The epidemiology of human salmonellosis in New
Zealand, 1997-2008. Epidemiology and infection 140: 1685—1694. doi: 10.1017/S0950268811002470
PMID: 22126842

Hall G, Yohannes K, Raupach J, Becker N, Kirk M (2008) Estimating community incidence of Salmo-
nella, Campylobacter, and Shiga toxin—producing Escherichia coli infections, Australia. Emerging
Infectious Diseases. pp. 1601.

Hotez PJ (2014) Aboriginal Populations and their neglected tropical diseases. PLoS Neglected Tropical
Diseases. pp. €2286. doi: 10.1371/journal.pntd.0002286 PMID: 24498442

Pollock K, Ternent H, Mellor D, Chalmers R, Smith H, et al. (2010) Spatial and temporal epidemiology
of sporadic human cryptosporidiosis in Scotland. Zoonoses and Public Health 57: 487—-492. doi: 10.
1111/j.1863-2378.2009.01247.x PMID: 19638164

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004078 September 22, 2015 13/13


http://dx.doi.org/10.2166/wh.2010.049
http://www.ncbi.nlm.nih.gov/pubmed/20375485
http://dx.doi.org/10.1016/j.envres.2009.02.008
http://www.ncbi.nlm.nih.gov/pubmed/19328462
http://dx.doi.org/10.1111/j.1863-2378.2009.01247.x
http://www.ncbi.nlm.nih.gov/pubmed/19638164
http://dx.doi.org/10.1186/1471-2458-10-147
http://www.ncbi.nlm.nih.gov/pubmed/20302661
http://dx.doi.org/10.1097/MPG.0b013e3182848a23
http://www.ncbi.nlm.nih.gov/pubmed/23319083
http://dx.doi.org/10.1186/1471-2458-8-153
http://www.ncbi.nlm.nih.gov/pubmed/18462504
http://dx.doi.org/10.1016/j.watres.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/22048017
http://www.ncbi.nlm.nih.gov/pubmed/15707181
http://www.ncbi.nlm.nih.gov/pubmed/16638166
http://www.ncbi.nlm.nih.gov/pubmed/16462289
http://www.ncbi.nlm.nih.gov/pubmed/12113486
http://www.ncbi.nlm.nih.gov/pubmed/15324544
http://www.ncbi.nlm.nih.gov/pubmed/9737562
http://www.ncbi.nlm.nih.gov/pubmed/9006312
http://www.ncbi.nlm.nih.gov/pubmed/16753076
http://dx.doi.org/10.1017/S0950268811002470
http://www.ncbi.nlm.nih.gov/pubmed/22126842
http://dx.doi.org/10.1371/journal.pntd.0002286
http://www.ncbi.nlm.nih.gov/pubmed/24498442
http://dx.doi.org/10.1111/j.1863-2378.2009.01247.x
http://dx.doi.org/10.1111/j.1863-2378.2009.01247.x
http://www.ncbi.nlm.nih.gov/pubmed/19638164

