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Abstract

Objectives—Shiga toxin—producing Escherichia coli (STEC) are an important cause of
foodborne disease, yet global estimates of disease burden do not exist. Our objective was to
estimate the global annual number of illnesses due to pathogenic STEC, and resultant hemolytic
uremic syndrome (HUS), end-stage renal disease (ESRD), and death.

Materials—We searched Medline, Scopus, SIGLE/OpenGrey, and CABI and World Health
Organization (WHO) databases for studies of STEC incidence in the general population, published
between January 1, 1990 and April 30, 2012, in all languages. We searched health institution
websites for notifiable disease data and reports, cross-referenced citations, and consulted
international knowledge experts. We employed an a priori hierarchical study selection process and
synthesized results using a stochastic simulation model to account for uncertainty inherent in the
data.
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Results—We identified 16 articles and databases from 21 countries, from 10 of the 14 WHO
Sub-Regions. We estimated that STEC causes 2,801,000 acute illnesses annually (95% Credible
Interval [Cr.1.]: 1,710,000; 5,227,000), and leads to 3890 cases of HUS (95% Cr.1.: 2400; 6700),
270 cases of ESRD (95% Cr.l.: 20; 800), and 230 deaths (95% Cr.1.: 130; 420). Sensitivity
analyses indicated these estimates are likely conservative.

Conclusions—These are the first estimates of the global incidence of STEC-related illnesses,
which have not been explicitly included in previous global burden of disease estimations.
Compared to other pathogens with a foodborne transmission component, STEC appears to cause
more cases than alveolar echinococcosis each year, but less than typhoid fever, foodborne
trematodes, and nontyphoidal salmonellosis.

Applications—Given the persistence of STEC globally, efforts aimed at reducing the burden of
foodborne disease should consider the relative contribution of STEC in the target population.

Introduction

Foodborne infections are a global public health issue (Stein et al., 2007; Majowicz et al.,
2010; Torgerson et al., 2010; First et al., 2012). Shiga toxin—producing Escherichia coli
(STEC), including 0157 and many non-O157 serotypes, are an important cause of
foodborne disease. Outcomes range from mild intestinal discomfort, to hemolytic uremic
syndrome (HUS), end-stage renal disease (ESRD), and death (Heyman, 2008; Gould et al.,
2009). Although the reported incidence is often low, large outbreaks with serious
consequences occur (Buchholz et al., 2011). While some countries have estimated the
population health impacts of STEC (De Wit et al., 2001; Thomas et al., 2006; Scallan et al.,
2011; Tam et al., 2012), there are no global estimates (Murray et al., 2012; Lozano et al.,
2012). Our objectives were to estimate the global annual number of STEC infections and
resulting cases of HUS, ESRD, and deaths, and the age distribution of cases to inform future
disability-adjusted life year (DALY) calculations.

Materials and Methods

Search strategy

We searched peer-reviewed literature, gray literature, and publicly available notifiable
disease data (i.e., nationally reported, laboratory-confirmed STEC infections) for
information pertaining to STEC incidence in the general population. Due to temporal and
geographic variation in terminology, we searched for any of “STEC,” “VTEC,” “EHEC,” or
“E. coli O157.” We searched Medline, Scopus, SIGLE/OpenGrey, CABI databases (CAB
Abstracts, VetMed Resource, Global Health, Animal Health and Production Compendium,
Leisure, Recreation and Tourism, and Rural Development), and World Health Organization
(WHO) regional databases for studies published between January 1, 1990 and April 30,
2012, in all languages. Database-specific search strings consisted of key words and Medical
Subject Headings (search strings available on request).

We searched regional and national health institution websites for notifiable disease data and
reports containing STEC-specific information. Additional studies, particularly non-English
and prepublication sources, were identified via cross-referencing citations and consulting

Foodborne Pathog Dis. Author manuscript; available in PMC 2015 October 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Majowicz et al.

Page 3

with experts from the WHO’s Foodborne Diseases Epidemiology Reference Group (FERG),
the WHO’s Global Foodborne Infections Network, and the International Collaboration on
Enteric Disease “Burden of Iliness” Studies (Flint et al., 2005). We followed the PRISMA
guidelines for systematic reviews (http://www.prisma-statement.org; 27-item checklist).

Study selection

Search results were combined, and duplicates eliminated, in a RefWorks database (2010,
ProQuest, LLC). Two reviewers conducted the first relevance screen. Given high reviewer
agreement (n = 1000; = 0.905 [95% confidence interval 0.867, 0.941]), articles were
screened by one reviewer per reference, by reviewing titles, and abstracts if available.
Avrticles were excluded if they pertained solely to laboratory methods for STEC isolation or
diagnosis; microbiological characterization of STEC; the management or treatment of STEC
infection or sequelae; or nonhuman populations. Non-English articles were screened using
Google Translate (http://translate.google.com/).

Remaining articles were screened against the exclusion criteria, and the inclusion criteria,
specifically: the study included all ages; results pertained to the general population; and
either the article provided the incidence or prevalence of acute STEC illness, or the number
of cases and both the relevant time period and source population were given or derivable.
We required that STEC be identified via laboratory confirmation or epidemiological link to
a laboratory-confirmed case. Investigations were included regardless of laboratory method,
including the following: isolation of nonsorbitol fermenting E. coli 0157; isolation of non-
0157 E. cali carrying stx genes or producing Shiga toxin; detection of stx genes in clinical
stool by polymerase chain reaction or other molecular methods; and detection of Shiga toxin
in clinical stool by enzyme-linked immunosorbent assay or cell cytotoxicity assay. Urinary
and asymptomatic infections were excluded. Inclusion criteria for notifiable disease data
were as follows: data arose from a population-level, laboratory-based, routine notifiable
disease system; and case ascertainment was done via laboratory confirmation, or
epidemiological link to a laboratory-confirmed case. This and subsequent review steps were
conducted on full texts, independently by two reviewers per reference, with differences
resolved by a third reviewer, and with non-English articles single-reviewed by trained,
fluent reviewers.

In the final characterization stage, we classified all remaining studies by design, and selected
the highest quality design per WHO Sub-Region (Table 1) for extraction and inclusion in the
analysis. This method was determined a priori, given the following hierarchical preference
for different study designs. Prospective cohort studies, which follow a defined population
over time and measure incidence via laboratory confirmation, were considered the criterion
standard. Because these studies are expensive, many countries rely on data obtained from
national, laboratory-based surveillance systems. However, such data under-report the true
population incidence, since many cases do not seek medical care or undergo laboratory
testing. To address this, some countries have calculated corrected incidence estimates, which
adjust notifiable disease data for under-reporting. These “multiplier studies” were
considered the next highest quality study design, followed by notifiable disease data (which
we corrected for under-reporting using available information).
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Knowledge synthesis

We synthesized study results (Table 1) using a version of the simulation model published for
Salmonella (Majowicz et al., 2010). We used the 2005 WHO Sub-Region populations as
point estimates (World Health Organization, 2005). For each Sub-Region, incidence
estimates from the systematic review were modeled as PERT distributions (Vose, 2000). For
Sub-Regions with prospective cohort studies, the average incidence, weighted by the
respective national populations, was used as the most likely value in the corresponding
PERT distribution, and the lowest and highest values were used as the minimum and
maximum values, respectively. For Sub-Regions without prospective studies, we used data
from multiplier studies, in the same manner.

In Sub-Regions without prospective cohort or multiplier studies, we estimated incidence
using the annual number of cases reported in notifiable disease data and 2010 United
Nations country population estimates (United Nations, 2010). For one study with
surveillance from a single hospital (Islam et al., 2007), the estimated annual number of
patients seen and catchment area population were available (International Centre for
Diarrhoeal Disease Research, 2011), and were used to calculate incidence. In Sub-Regions
with notifiable disease data from one country, the annual incidence estimate was used as the
most likely value in the corresponding PERT distribution. To determine appropriate
minimum and maximum values, we used a 10-fold decrease/increase (i.e., the range we
calculated across multiple countries’ surveillance data in the EUR B and EUR C Sub-
Regions). For Sub-Regions with notifiable disease data from more than one country, the
average incidence, weighted to the respective national populations, was used as the most
likely value, and the lowest and highest country-specific incidence rates were used as the
minimum and maximum values, respectively. To account for known under-ascertainment in
notifiable disease data, we multiplied the annual incidence within these Sub-Regions by
published STEC-specific under-reporting estimates (Thomas et al., 2006; Hall et al., 2008;
Scallan et al., 2011; Tam et al., 2012, Haagsma et al., 2012), which averaged to 36 (range:
7.4-106.8). We used these values as the mean, minimum, and maximum values in a PERT
distribution, respectively. For Sub-Regions without prospective cohort or multiplier studies,
or notifiable disease data, we extrapolated from Sub-Regions of geographic proximity, as
has been done for salmonellosis (Majowicz et al., 2010) and congenital toxoplasmosis
(Torgerson and Mastroiacovo, 2013). To estimate the global annual number of cases, the
Sub-Regional incidences per person-year were multiplied by the Sub-Region populations,
and summed.

To calculate the number of cases of HUS and deaths due to STEC per Sub-Region, we
accounted for two sources of variation. First, both the proportion of cases experiencing
sequelae and the case fatality rate are higher in persons infected with STEC 0157 versus
non-0157 STEC (Gould et al., 2013). Second, STEC 0157 appears more prevalent in
developed regions such as North America and Europe (Mead and Griffin, 1998). We
assigned Sub-Regions to one of three categories, making conservative assumptions based on
laboratory results, with extrapolation between similar Sub-Regions: “negligible 0157 (0%
0157, 100% non-0157); “some O157” (10% 0157, 90% non-0157); and “recognized
0157 (36% 0157, 64% non-0157; Table 1). We multiplied these estimated proportions by
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the O157- and non-0157 specific proportions developing HUS and dying, to estimate the
number of HUS cases and deaths per Sub-Region, adjusted for regional and clinical
differences between 0157 and non-0157 STEC.

Population-level information on the proportion of STEC cases who develop HUS and who
die was limited. Most published estimates of sequelae and fatality are derived from notified,
hospitalized, or other subsets of severe cases. Applying such estimates to population-level
incidences overestimates the numbers of sequelae and deaths, since mild cases often do not
seek care. Thus, we used data from the United States (Gould et al., 2013), where both the
numbers of cases of HUS and numbers of deaths among notified cases, and under-reporting
multipliers, were available specific to 0157 and non-O157 STEC. We calculated the
proportion of STEC cases with HUS by dividing the number of HUS cases (corrected for
severe outcome under-reporting by a factor of two; Mead et al., 1999), by the total number
of notified cases (corrected using the under-reporting multiplier for total notified cases). We
did this calculation for the proportion of STEC 0157 cases with HUS ([83*2]/[773*26.1] =
0.823%), and who die ([33*2]/[5688*26.1] = 0.045%), as well as for the proportion of non-
0157 STEC cases with HUS ([4*2]/[301*106.8] =0.025%), and who die ([2*2]/
[2006*106.8] = 0.002%), and modeled these values as Beta distributions. We estimated the
proportion of HUS cases who develop ESRD using a 2003 systematic review and meta-
analysis (Garg et al., 2003), which estimated that permanent ESRD occurs in 3% of post-
diarrheal HUS cases (range: 0-30%); we used these as the most likely, minimum, and
maximum values in PERT distribution.

We included age categories as point estimates. Given the lack of detailed age information on
STEC-related illnesses and deaths, we used surveillance information from Australia (Vally
et al., 2012), New Zealand (Ministry for Primary Industries, 2010), and the United States
(Gould et al., 2009). We estimated that 29% of STEC cases occur in those 0—4 years of age,
20% in 5-15 years of age, 35% in 16-59 years of age, and 17% in = 60 years of age; 42% of
HUS cases occur in those 0-4 years of age, 18% in 5-15 years of age, 26% in 16-59 years
of age, and 14% in = 60 years of age; and 29% of deaths occur in those 0-4 years of age,
10% in 5-15 years of age, 5% in 16-59 years of age, and 57% in = 60 years of age. We
assumed the same age distribution for ESRD as for HUS.

Analyses were done in @RISK version 5.7 (Palisade Corporation, Ithaca, NY) as an add-on
to Microsoft Excel 2010 (Microsoft Corporation), using Monte Carlo simulation and Latin
Hypercube sampling, with 100,000 iterations. We conducted a sensitivity analysis by
ranking correlation coefficients between the input parameters and the global annual number
of cases, and running scenarios to explore various model assumptions.

We identified 16 articles, reports, and databases containing information on 21 countries,
from 10 of the 14 WHO Sub-Regions (Fig. 1 and Table 1), representing a cumulative
population of 2.1 billion (~30% of the global population).
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We estimated that STEC causes 2,801,000 acute illnesses annually, worldwide (95%
credible interval [Cr.1.]: 1,710,000; 5,227,000), with 809,000 cases in those 0-4 years of
age, 554,000 in those 5-15 years, 974,000 in those 16-59 years, and 464,000 in those = 60
years. We estimated that STEC leads to 3890 cases of HUS (95% Cr.1.: 2400; 6700), with
1630 cases in those 0-4 years of age, 720 in those 5-15 years, 1010 in those 16-59 years,
and 530 in those = 60 years. We estimated that STEC leads to 270 cases of permanent
ESRD (95% Cr.1.: 20; 800), with 110 cases in those 0—4 years of age, 50 in those 5-15
years, 70 in those 16-59 years, and 40 in those = 60 years. We estimated that STEC leads to
230 deaths (95% Cr.1.: 130; 420), with 70 deaths in those 0-4 years of age, 20 in those 5-15
years, 10 in those 16-59 years, and 130 in those = 60 years. Sub-Regional estimates are
given in Table 2.

Sensitivity analysis

The incidence in the SEAR D Sub-Region had the greatest influence on the estimated annual
number of cases (Spearman’s rank correlation coefficient [SRCC]: 0.94), followed by the
incidence in the WPR B Sub-Region (SRCC: 0.63). The impacts of various modeling
assumptions are shown in Table 3. We assumed that under-ascertainment multipliers,
generated from developed Sub-Regions, were applicable to Sub-Regions with less well-
established surveillance. To explore this, we increased the multiplier in the AFR D, AFR E,
AMR B, EUR C, SEAR B, SEAR D, and WPR B Sub-Regions by factors of two and five
(Scenarios 1 and 2, respectively). We also assumed that prospective cohort data were higher
quality than data from surveillance systems, adjusted for under-ascertainment, from the
same area. For the EUR A Sub-Region, both prospective cohort (De Wit et al., 2001; Tam et
al., 2012) and multiplier study incidence estimates (Haagsma et al., 2012) were available;
we investigated the effects of data source by replacing the prospective incidence with that
from the multiplier study (50 cases per 100,000 population; Scenario 3).

We assumed countries within a Sub-Region had different underlying rates of disease,
therefore weighting incidence estimates to the corresponding national populations when
estimating the Sub-Regional incidence. However, differences in incidences may reflect
varying study methodologies, case ascertainment, and surveillance systems rather than
varying disease rates. Thus, we removed the weighting on the average incidences (Scenario
4). We also assumed that countries within a Sub-Region best represented their entire Sub-
Region. In the two most populous, developing Sub-Regions, we had data from Hong Kong
and the Republic of Korea (WPR B), and India and Bangladesh (SEAR D). Since India and
Bangladesh may more accurately represent the overall conditions of WPR B Sub-Region,
we applied the SEAR D incidence estimate to the WPR B Sub-Region (Scenario 5).

We estimated the proportions of cases with HUS using United States’ data (i.e., published
data that we could extrapolate to the population level, and stratify by 0157 versus non-O157
STEC). To explore alternate estimates, we used surveillance data from the state of South
Australia, where 0157 and non-0157 surveillance is equally rigorous. From 2000 to
mid-2013, there were 2 cases of HUS among 178 STEC 0157 notifications, and 8 cases of
HUS among 369 non-0157 STEC notifications (personal communication: E. Fearnley,
South Australian Department for Health and Ageing, August 9, 2013). We adjusted for
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under-reporting of notified cases by a factor of eight (Hall et al., 2008), and HUS by a factor
of two (Mead et al., 1999), and used the resulting estimates (0.28% HUS among STEC
0157 cases; 0.54% HUS among non-0O157 STEC cases) in Scenario 6.

To explore the impact of extrapolating from one study to an entire Sub-Region, and
extrapolating between Sub-Regions of close geographic proximity, we expanded the range
of uncertainty around the estimates (Scenario 7). For Sub-Regions that relied on one study’s
results (AFR E, AMR B, EMR B), or that were extrapolated from a Sub-Region of close
proximity (AMR D, SEAR B), we widened the range of uncertainty by 20%. For Sub-
Regions meeting both conditions (AFR D, EMR D), we widened the range by 50%. We also
explored the impact of using AMR B incidence data (versus AMR A), when extrapolating to
AMR D (Scenario 8).

Discussion

We provide the first estimates of the global incidence of STEC infection, a foodborne
pathogen of emerging importance over the past three decades (Mead and Griffin, 1998;
Buchholz et al., 2011). We estimated STEC causes 2,801,000 acute illnesses, 3890 cases of
HUS, 270 cases of permanent ESRD, and 230 deaths annually, worldwide. Compared to
other pathogens with a foodborne transmission component, STEC appears to cause more
cases than alveolar echinococcosis (18,200 cases; Torgerson et al., 2010) each year, but less
than typhoid fever (21.7 million cases; 216,500 deaths; Crump et al., 2004), foodborne
trematodes (7158 deaths; First et al., 2012), and nontyphoidal salmonellosis (93.8 million
cases; 155,000 deaths; Majowicz et al., 2010). Despite fewer cases and deaths, STEC leads
to severe sequelae that must be accounted for when prioritizing foodborne pathogens for
control efforts. Future DALY calculations that consider multiple pathogens simultaneously
are needed to effectively prioritize foodborne agents for public health action.

The impacts of STEC are often greater in infants and children, compared to other ages. In
developed countries, studies investigating all ages typically identify STEC more frequently
and with greater severity in young children (see, for example: van Pelt et al., 2003; Eklund
et al., 2005; Ruzante et al., 2011; Buvens et al., 2012). In less developed countries, where
childhood diarrheal diseases are highly endemic, studies typically focus solely on children,
but have also identified STEC as a pathogen of concern in this age group (see, for example:
Okeke, 2009; Al Jarousha et al., 2011; Llanos et al., 2012; Lépez et al., 2012; Bonkoungou
et al., 2013; Lozer et al., 2013). Unfortunately, robust information on the age distribution of
STEC cases in the overall population is scarce; thus, for this analysis we used information
from three ongoing, national surveillance systems to estimate that 29% of acute cases, 42%
of cases of HUS and ESRD, and 29% of deaths occurred in children between the ages of 0
and 4 years. These estimates, derived from developed countries’ surveillance data, are
broad; the actual age distribution in developing countries may differ, and future studies
should attempt to estimate the population age distribution of illness in a given country.

We relied on multiple data sources and assumptions to produce global estimates. For
example, prospective cohort studies are considered the criterion standard for estimating
incidence. However, relying solely on such studies would entail using data from the
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Netherlands (De Wit et al., 2001), United Kingdom (Tam et al., 2012), and Iran (Aslani et
al., 1998, 2003). The unweighted and weighted averages of these studies’ results were 122
and 136 cases per 100,000 person-years, respectively, both of which are larger estimates
than ours (43.1 cases per 100,000 person-years). Given the geographic variation in STEC in
humans and reservoirs, the validity of such global generalization is unknown. We chose
instead to use the best available data from each WHO Sub-Region, and make explicit the
inherent uncertainty via stochastic modeling, as has been done with other pathogens with
similar paucity of data (Majowicz et al., 2010; Torgerson et al., 2010). In the absence of
evidence to determine the best alternative, we chose the conservative option, and illustrated
other options in the sensitivity analyses.

We purposely included public health databases containing routinely collected notifiable
disease data. Such information is a rich data source for systematic reviews aimed at
estimating infectious disease incidence. Given that notifiable disease data in a given country
may exist in lieu of population-level research, including such data in systematic reviews of
disease incidence is necessary to minimize bias, particularly given the heterogeneity of Sub-
Regions.

Our results are subject to several limitations. We did not account for Sub-Regional
differences in health care access or standards. In Sub-Regions with poor health care, ESRD
is likely synonymous with death, and thus our fatality results may be underestimates. We
used a global case fatality rate, derived from United States’ data; realistically, case fatality
rates in Sub-Regions with higher or lower standards of health care will be lower or higher,
respectively. We assumed the proportion of cases developing HUS and ESRD is the same
universally, although it is currently unknown whether the clinical course of illness varies by
Sub-Region. Finally, as described above, we used data from three developed countries to
generate broad age estimates; given that the risk factors and causal pathways likely vary
between countries, our age estimates are rudimentary, and should be refined as new data
emerge. Variation across Sub-Regions with respect to other factors (e.g., exposures,
underlying health status) could also impact the results presented here. These limitations
highlight existing knowledge gaps, in particular the lack of primary studies and notifiable
disease data from several Sub-Regions, and the lack of population-level estimates on
exposures, age distributions, and the clinical course of illness. These knowledge gaps persist
for other foodborne pathogens (Majowicz et al., 2010; Torgerson et al., 2010), and future
studies that address these gaps will contribute to more certain global burden estimates.

Conclusions

This study provides the first estimates of the global impact of STEC, a group of pathogens
not explicitly included in previous global burden of disease estimations (Murray et al., 2012;
Lozano et al., 2012). These results can underpin future DALY calculations, at the Sub-
Regional, Regional, and global levels, which can be used to prioritize pathogens for public
health action. Given the persistence of STEC globally, efforts aimed at reducing the burden
of foodborne disease should consider the relative contribution of STEC in the target
population.
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DATABASE SEARCH

193 countries globally

Countries categorized into WHO Sub-
Regions (a) with and (b) without high
quality studies (i.e. prospective cohort
or multiplier studies) as identified from
the peer-review and grey literature
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GREY LITERATURE SEARCH
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‘I' De-duplication
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Full papers screened for relevance
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320 relevant articles

Full papers characterized against
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——> 296 articles excluded

National health or public health websites

23 articles included for extraction

90 national health websites identified

Website content screened for relevance

Full papers extracted
11 articles excluded (duplicate
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databases included for extraction
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12 articles included for analysis
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FIG. 1.

Results of the systematic review to identify studies and notifiable disease data, on the

population-level incidence of Shiga toxin—producing Escherichia coli infection, published

between January 1, 1990 and April 30, 2012, in all languages.
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Sensitivity Analysis Illustrating the Estimated Annual, Global Burden of Iliness Due to Shiga Toxin—
Producing Escherichia coli, Circa 2012, Under Different Modeling Assumptions

No. cases
hemolytic No. cases
uremic end-stage
No. cases syndrome renal dissase  No. deaths
Results from Table 2 2,801,000 3890 270 230
Scenario
(1) Under-ascertainment multiplier in AFR D, AFR E, AMR B, EUR C, 4,028,000 5310 370 320
SEAR B, SEAR D, and WPR B, increased by a factor of two
(2) Under-ascertainment multiplier in AFR D, AFR E, AMR B, EUR C, 7,715,000 9570 670 580
SEAR B, SEAR D, and WPR B, increased by a factor of five
(3) Estimated incidence in EUR A (prospective cohort study) replaced with 2,812,000 3930 280 230
estimate from multiplier study
(4) Unweighted averages of incidence estimates within Sub-Regions 4,192,000 5500 380 330
(5) SEAR D incidence estimate applied to WPR B Sub-Region 3,800,000 4970 350 300
(6) South Australia surveillance data on percent HUS used in lieu of United 2,801,000 14,100 990 230
States’ data.
(7) Additional uncertainty for Sub-Regions with only one study, or for whom 2,834,000 3920 280 230
data were extrapolated from a neighbouring Sub-Region
2,749,000 3840 270 230

(8) Extrapolating from AMR B to AMR D (instead of extrapolating from
AMR A

Foodborne Pathog Dis. Author manuscript; available in PMC 2015 October 15.



