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A stochastic, quantitative risk assessment model was developed to evaluate the public health risks
associated with consumption of ground beef and beef cuts contaminated with Escherichia coli O157:H7 in
Canada. The objectives of this work were to evaluate the relative effects of pre-harvest and processing
interventions on public health risks using a novel approach, and compare the baseline risks from
consumption of ground beef, non-intact beef cuts, and intact beef cuts. Rather than considering efficacy
of all interventions at primary production and processing as default values, the model incorporated
findings from critical systematic review and meta-analysis of published literature. Public health risks,
expressed as average probability of illness per serving, were reduced by 30.9%e72.1%, 44.0%e96.5%, and
95.1%e99.9%, for single pre-harvest interventions, single processing interventions excluding water spray
chilling, and combinations of interventions, respectively, relative to a worst-case scenario where no pre-
harvest or processing interventions were applied. Combinations of interventions applied at pre-harvest
and throughout processing resulted in the greatest relative risk reductions through their effects on both
prevalence and concentration of the pathogen in cattle faeces and on cattle carcasses. The use of
systematic review methodology to critically assess the results of scientific studies before use of the data
in risk modelling enhances the confidence in risk predictions and provides a more evidenced-based
model for public health analyses. Analysis of conditions reflective of current practices in Canada indi-
cated that risks from consumption of ground beef were approximately two to three orders of magnitude
greater than those for beef cuts, suggesting that risk management measures should focus on the former
product to maximize benefits to public health. Risks from consumption of non-intact beef cuts, that is,
steaks or roasts that are tenderized, were an order of magnitude greater than those for intact beef cuts.
The model provides a useful tool to compare relative efficacies of different intervention strategies to
determine their potential impact on public health risks. This tool can be used to evaluate an essentially
limitless combination of intervention scenarios and can be adapted to include interventions applied at
different points along the farm-to-fork continuum as critically-reviewed data become available.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Escherichia coli is a ubiquitous Gram-negative bacterium
commonly found within the colonic flora of humans and warm-
blooded animals. Some strains of E. coli can cause adverse effects
to the gastrointestinal system, and are classified according to their
virulence properties: enteropathogenic E. coli (EPEC), enter-
otoxinogenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enter-
oaggregative E. coli (EAEC), verotoxinogenic E. coli (VTEC), diffusely
adherent E. coli (DAEC), and necrotoxinogenic E. coli (NTEC) (Nataro
: þ1 519 826 2367.
mith).

012 Published by Elsevier Ltd. All
& Kaper, 1998). VTEC include those strains which produce a cyto-
toxin that is toxic to Vero cells, and enterohaemorrhagic E. coli
(EHEC) are a subset of VTEC that cause human illness (Nataro &
Kaper, 1998). VTEC strains are responsible for the majority of
cases of foodborne illness relative to other strains of E. coli (Scallan
et al., 2011).

Canadian VTEC infections are captured through the National
Notifiable Database by the Public Health Agency of Canada (PHAC).
Using these data, an incidence rate of 4 cases/100,000 population
per year from all sources was estimated in Canada (Ruzante,
Majowicz, Fazil, & Davidson, 2011); however, the true incidence
rate is likely 10e47 times greater (Thomas et al., 2006) because the
majority of cases of VTEC infections are not reported. From a public
health perspective, E. coli O157:H7 is arguably the most important
rights reserved.
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serotype and has been implicated in numerous outbreaks world-
wide (Greig & Ravel, 2009; Nataro & Kaper, 1998). E. coli O157:H7 is
a VTEC first identified in 1982 following an outbreak of illnesses
associated with the consumption of undercooked hamburgers
(Nataro & Kaper, 1998). Symptomatic E. coli O157:H7 infections are
typically characterized by diarrhoea and haemorrhagic colitis, and
can progress to haemolytic ureamic syndrome (HUS), a life-
threatening sequelae that usually requires blood transfusions and
dialysis. An estimated 63,153 annual cases of domestically acquired
foodborne illness in the USA are attributed to E. coli O157 (Scallan
et al., 2011).

Ruminants are considered to be the primary carriers of E. coli
O157:H7 (Ferens & Hovde, 2011). In particular, cattle are the most
important animals when considering transmission of E. coli
O157:H7 to humans in North America (Gyles, 2007; Nataro & Kaper,
1998). E. coli O157:H7 is transmitted to humans from cattle
primarily via consumption of meat, although infection can occur
following ingestion of dairy products, produce, and water directly
or indirectly contaminated with cattle faeces, direct contact with
cattle, or person-to-person contact (Gyles, 2007). Beef products
were implicated in a greater proportion of outbreaks of E. coli
illness in Canada compared with other countries (Greig & Ravel,
2009), and were attributed to the majority of E. coli O157:H7
infections in a recent structured survey of Canadian experts
(Davidson, Ravel, Nguyen, Fazil, & Ruzante, 2011), emphasizing the
importance of this exposure pathway in Canada. The majority of
VTEC infections are caused by E. coli O157:H7 in ground beef (Gyles,
2007); however, other beef products such as non-intact and intact
beef cuts could pose a risk to residents of Canada.

Meat from cattle is primarily destined for consumption as
ground beef or beef cuts. Beef cuts are described as whole muscle
cuts commonly consumed as steaks or roasts. These cuts are
derived from subprimal cuts subdivided from primal cuts fabri-
cated during processing of cattle carcasses. Subprimal cuts can be
subjected to a tenderization process before fabrication into steaks
or roasts. Steaks or roasts subdivided from tenderized subprimal
cuts are referred to herein as non-intact beef cuts, and steaks or
roasts not subjected to this tenderization step are referred to as
intact beef cuts. Tenderization of beef cuts is achieved by two
primary methods: blade tenderization and brine-injection. The
former refers to the process whereby stainless steel blades or
needles are inserted into the meat and the latter, also referred to as
chemical injection, describes a similar process where a solution is
injected into the meat. Tenderization is typically performed to
increase the meat’s tenderness and textural palatability, and hence
the perceived value of the meat. However, these processes transfer
bacteria from the surface of the subprimal beef cut into the interior
(Huang & Sheen, 2011; Luchansky et al., 2009, 2011; Sporing, 1999);
therefore, it is expected that raw non-intact beef cuts can contain
greater internal levels of pathogens than intact cuts. Also, there is
an increased potential for lateral cross-contamination of sub-
primals during this process, where E. coli O157:H7 from a contam-
inated subprimal can transfer to a previously uncontaminated
subprimal via tenderization equipment (Huang & Sheen, 2011). In
cases where beef cuts are not cooked to an internal temperature
adequate to inactivate all pathogens, consumption of non-intact
beef cuts could pose a greater public health risk than intact beef
cuts.

Two general strategies for reducing human exposure to E. coli
O157:H7 from consumption of beef products include targeted
interventions at the farm or feedlot level (i.e., pre-harvest inter-
ventions) and at the abattoir (i.e., processing interventions).
Numerous interventions are available for pre-harvest and pro-
cessing control of E. coli O157:H7 (Adam & Brülisauer, 2010; Loretz,
Stephan, & Zweifel, 2011), and a significant amount of literature is
available describing their effects. However, reported data are
sometimes conflicting, dependent in part on study design, size, and
quality, and their interpretation is confounded by methodological
concerns (Sargeant, Amezcua, Rajic, & Waddell, 2007). Recent
narrative reviews on pre-harvest and processing interventions are
available (Adam & Brülisauer, 2010; Loretz et al., 2011); however,
they might not be suitable for addressing relative efficacies
(Sargeant, Rajic, Read, & Ohlsson, 2006). Systematic review and
meta-analysis is a relatively new approach to addressing complex
and often controversial issues in agri-food public health and can be
used to inform key riskmodel or risk assessment inputs. Systematic
review follows a structured research protocol to reduce sources of
bias and evaluate study quality, and therefore differs from tradi-
tional narrative reviews to provide a clear picture of the state of
knowledge in a particular area of study (Sargeant et al., 2006).
Meta-analysis is a tool commonly applied to systematic review
results to quantify intervention efficacy data for use in quantitative
risk assessment (QRA) (Gonzales-Barron & Butler, 2011).

A stochastic QRA model was developed to evaluate the effect of
pre-harvest and processing interventions on public health risks
associated with consumption of ground beef and beef cuts
contaminated with E. coli O157:H7 in Canada. The model has two
key purposes: to compare the efficacies of different intervention
scenarios on public health risks from consumption of beef products,
and to compare the expected current risks from consumption of
ground beef, non-intact beef cuts, and intact beef cuts. Rather than
considering efficacy of all interventions at primary production and
processing as default values, the model incorporated findings from
critical systematic reviewandmeta-analysis of published literature.
Preliminary results of the QRA model were presented at the
Seventh International Conference on Predictive Modelling in Foods
in Dublin, Ireland, in September 2011 (Smith, Fazil, & Lammerding,
2011).

2. Materials and methods

2.1. Model overview

A Monte Carlo simulation model using Latin Hypercube
Sampling (LHS) was constructed in Microsoft Excel 2003 with the
add-on package @Risk (version 5.5.0, Palisade Corporation, New
York, USA) to describe prevalence, concentration, and behaviour of
E. coli O157:H7 through the agri-food beef chain and the public
health risks from consumption of E. coli O157:H7 in ground beef,
non-intact beef cuts, and intact beef cuts. Monte Carlo simulation
randomly selects values from each input distribution dependent on
probability and provides outputs as distributions that indicate the
likelihood of each result. The conceptual model developed upon
which the mathematical model was based is shown in Fig. 1.
Canadian data were used to populate the model where possible.
Simulations of the model representing different intervention
application scenarios were run with 25,000 iterations each to
generate the results presented herein. Considering the broad scope
of the model and significant amount of data inputs required, effort
was made to limit the description of methods to provide a general
overview of the model, and the reader is referred to accompanying
figures and tables where appropriate. Some detailed explanation is
provided within the text, particularly for key equations, assump-
tions, and modules that differ considerably from previous risk
models referenced throughout.

2.2. Exposure assessment

The exposure assessment was conducted to predict the fate of
E. coli O157:H7 through the agri-food chain. Transfer of E. coli
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Fig. 1. Flow diagram of the risk assessment model for E. coli O157:H7 in ground beef and non-intact and intact beef cuts. Dashed boxes indicate points along the agri-food chain
where interventions identified through systematic review and/or meta-analysis are evaluated in the model. Bolded boxes indicate key model outputs. FGB ¼ ground beef;
TF ¼ transfer factor; TR ¼ transfer ratio.
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O157:H7 from cattle faeces to hides, and ultimately to carcasses was
quantified. Previous studies demonstrated a link between faecal
and hide contamination (Stephens, McAllister, & Stanford, 2009)
and hide and carcass contamination (Elder et al., 2000).

2.2.1. Production
The production module pertains to processes which affect the

transfer of E. coli O157:H7 from cattle faeces to cattle hides prior to
slaughter. A summary of the inputs and equations used in this
module is provided in Table 1.

2.2.1.1. Faecal prevalence. The production module considers the
prevalence and concentration of E. coli O157:H7 in faeces of pre-
harvest cattle to estimate transfer of E. coli O157:H7 to cattle
hides. Data describing the prevalence of E. coli O157:H7 in Canadian
cattle faeces were available from several peer-reviewed sources for
input into the model (Table 2). Values for adult cows, heifers, or
steers in farms or feedlots within Canada were considered to
represent occurrence of E. coli O157:H7 in cattle destined for
consumption as ground beef or beef cuts. Generally, prevalence of
E. coli O157:H7 in cattle faeces is greater in the late spring and early
summer months (Ferens & Hovde, 2011; Stephens et al., 2009; Van
Donkersgoed, Graham, & Gannon, 1999; Van Donkersgoed et al.,
2009); therefore, prevalence estimates were separated into two
categories representing the high and low shedding periods of
a year. The former period was assumed to consist of a four month



Table 1
Input parameters for the production module. Prevalence and concentration of Escherichia coli O157:H7.

Description Variable Distribution/Model Units

High shedding perioda Phigh Beta(5.53, 6.98) Prevalence
Low shedding period Plow Beta(15.6, 187) Prevalence
Shedding period determination (1 ¼ high) Period Binomial(1, 0.333) e

Prevalence in faeces Pf Period-dependent Prevalence
Pre-harvest intervention effect IntPf Scenario-dependent Relative risk
Adjusted prevalence in faeces AdjPf Pf � IntPf Prevalence
Transfer ratio from faeces to hideb TRfh Lognormal(24.5, 2.61) Prevalence
Prevalence on the hide Ph AdjPf � TRfh/(1 � AdjPf þ TRfh � AdjPf) Prevalence
Prevalence in the gut Pg Beta(5.4, 370) Prevalence
Pre-harvest intervention effect IntPg Scenario-dependent Relative risk
Adjusted prevalence in the gut AdjPg Pg � IntPg Prevalence
High shedding period Chigh Cumulative distribution fit to data (see text) log10 CFU/g
Low shedding period Clow Cumulative distribution fit to data (see text) log10 CFU/g
Concentration in faeces Cf Period-dependent log10 CFU/g
Pre-harvest intervention effect IntCf Scenario-dependent log10 CFU/g
Adjusted concentration in faeces AdjCf Cf þ IntCf log10 CFU/g
Transfer factor from faeces to hideb TFfh Loglogistic(�3.77, 2.29, 10.3) log10 g/100 cm2

Concentration on hidec Ch (AdjCf þ TFfh) log10 CFU/100 cm2

a Late spring and early summer months.
b Truncated at minimum and maximum values determined in subsimulations.
c Limited to maximum reported values (see text).
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span roughly corresponding to the months May through August,
although data reported by Vidovic and Korber (2006) for June
through September were included in the high shedding period
data. Reported test prevalence was adjusted for test sensitivity,
which was dependent on the faecal sample size and testingmethod
used in each primary study. Test sensitivities were characterized
with beta distributions, using measured sensitivities reported by
LeJeune, Hancock, and Besser (2006) and modifications reported in
primary studies (Vidovic & Korber, 2006). The test prevalence and
their mean adjusted values are provided in Table 2. Test specificity
was assumed to be 100%. Where reported test prevalence was 0%,
the true prevalence was estimated using the equation:

Binomialðn; ð1� TsenÞ � PestÞ
Table 2
Prevalence of Escherichia coli O157:H7 in cattle faeces and test sensitivity adjustments.

Reference Province Sampling
months

Perioda

Van Donkersgoed et al., 1999 Alberta JuneeAug 1
SepteNov 2
DeceFeb 2
MareMay 2

Vidovic & Korber, 2006 Saskatchewan JuneeSept 1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Stephens et al., 2009 Alberta MayeAug 1
SepteJan 2

Van Donkersgoed et al., 2009 Alberta SepteDec 2

a 1 ¼ late spring and early summer months, used for the high shedding period.
b LeJeune et al., 2006.
c Average results from 25,000 simulations are shown for information only; distributio
d Test sensitivity increased by 25.2% because of combined testing approach.
where n is the number of samples collected, Tsen is the sensitivity of
the test method, and Pest is the estimated faecal prevalence, which
was represented by a uniform distribution with a minimum of
0 and maximum of 0.22; the latter value was determined as the
average prevalence reported by Vidovic and Korber (2006). In other
words, it was assumed that either the test results were an accurate
representation of reality (i.e., the true prevalence of contaminated
samples was zero), or the true prevalence was greater than zero but
equal to or less than the average reported prevalence in other
sampling areas.

Themethod of moments (Vose,1996) was used to determine the
distribution of parameters a and b for each prevalence period using
the total number of samples and their corresponding adjusted
number of positive samples. Parameters were determined using
No. tested No. tested
positive (%)

Test sensitivityb Adjusted no.
positive (%)c

312 61 (20) Beta(82, 65) 111 (36)
312 15 (4.8) 27 (8.7)
312 2 (0.64) 4 (1.3)
312 15 (4.8) 27 (8.7)
40 9 (23) 1.252 � Beta(82, 65)d 12 (30)
40 4 (10) 6 (15)
40 17 (43) 24 (60)
40 12 (30) 17 (43)
40 0 (0.00) 1 (2.5)
40 23 (58) 32 (80)
40 22 (55) 30 (75)
40 2 (5.0) 3 (7.5)
40 16 (40) 22 (55)
40 13 (33) 18 (45)
40 6 (15) 8 (20)
40 0 (0.00) 1 (2.5)
40 0 (0.00) 1 (2.5)
40 7 (18) 10 (25)
40 0 (0.00) 1 (2.5)

2136 612 (29) Beta(131, 95) 1059 (50)
2052 105 (5.1) 182 (8.9)
1050 40 (3.8) Beta(82, 65) 72 (6.9)

ns of faecal prevalence were used in model runs.
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Monte Carlo simulation using LHS with 25,000 iterations, and the
mean a and b parameters were used in the model to describe
prevalence of E. coli O157:H7 in cattle faeces for each prevalence
period.

2.2.1.2. Hide prevalence. A transfer ratio (TR) was derived to esti-
mate the relationship between faecal and hide prevalence using
data reported by Barkocy-Gallagher et al. (2003). The authors
collected faecal and hide samples from tagged cattle year-round,
prior to application of interventions or decontamination treat-
ments. E. coli O157:H7 was recovered from 5.90% to 60.6% of faecal
and hide samples, respectively. Hide prevalence (Phtr) and faecal
prevalence (Pftr) reported by Barkocy-Gallagher et al. (2003) were
represented as beta distributions: beta(70 þ 1; 1189e70 þ 1) and
beta(781 þ 1; 1288e781 þ 1), respectively, for calculation of the
faeces to hide TR, TRfh, using:

TRfh ¼
�
Phtr � Phtr � Pftr

�.�
Pftr � Pftr � Phtr

�

Phtr and Pftr were correlated using a coefficient of 0.5 because
prevalence on hides is expected to be influenced by prevalence
in faeces; however, the exact relationship is unknown. Monte Carlo
simulation using LHS with 25,000 iterations was used to determine
the distribution of TRfh. The best-fitting distribution, as determined
by the AndersoneDarling test statistic (Anderson & Darling, 1952)
and visual interpretation, was fit to the output for use in the
QRA model. The distribution was truncated to reflect the
minimum (5.01) and maximum values (38.6) determined in the
subsimulation.

2.2.1.3. Gut prevalence. Van Donkersgoed et al. (1999) measured
the prevalence of E. coli O157:H7 in the rumen of yearling cattle and
cull cows in Canada. The authors found that 3 out of 373 samples
(0.8%) were positive for E. coli O157:H7. These data were adjusted
for test sensitivity as described for faecal prevalence to derive an
estimate of the true number of positive samples for use in the QRA
model.

2.2.1.4. Concentration in faeces. In general, concentrations of E. coli
O157:H7 in faeces of shedding cattle demonstrate seasonal vari-
ability in line with that observed for prevalence of shedding cattle
(Stephens et al., 2009). Cumulative distributions of the concentra-
tion of E. coli O157:H7 in cattle faeces by shedding period were
constructed based on data reported by Stephens et al. (2009)
(Table 3).

2.2.1.5. Concentration on hides. Transfer of levels of E. coli O157:H7
from faeces to hides of cattle was modelled using a transfer factor
(TF). Fegan, Higgs, Duffy, and Barlow (2009) sampled faeces and
hides of tagged cattle at Australian feedlots and determined levels
of E. coli O157:H7 using the Most Probable Number (MPN) tech-
nique. Enumeration results were constructed to derive TFfh for use
in the model, assuming MPN as a surrogate for colony-forming
units (CFU), as follows:
Table 3
Concentration of Escherichia coli O157:H7 in cattle faeces (Stephens et al., 2009).

Concentration
(log10 CFU/g)

Frequency

High shedding perioda Low shedding period

<2 370 90
�2 < 4 69 5
�4 < 6 107 5
�6 < 9.3 46 5
Total 592 105

a Late spring and summer months.
TFfh ¼ log10
�
Chtf1

�
� log10

�
Cftf

�

where Chtf1 is the concentration on hides and Cftf is the concen-
tration in faeces, represented by triangular distributions with
minimum, most likely, and maximum values of 0.003, 42.3,
85.1 MPN/g and 0.10, 15.9, 4270 MPN/100 cm2, respectively (Fegan
et al., 2009). Minimum values used in the distributions were
derived assuming that minimum concentrations of E. coli O157:H7
on cattle hides are equal to one cell over the assumed cattle surface
area of 32,000 cm2 (USDA-FSIS (United States Department of
AgricultureeFood Safety and Inspection Service), 2001), and the
minimum concentration in cattle faeces is 0.1 CFU/g (Cassin,
Lammerding, Todd, Ross, & McColl, 1998). Concentrations on
hides and faeces were correlated using a coefficient of 0.5 because
concentration on hides is influenced by concentration in faeces to
an unknown extent (Stephens et al., 2009). The distribution of TFfh
was determined using Monte Carlo simulation as previously
described. The resulting loglogistic distribution of TFfh was trun-
cated at the minimum and maximum values determined in the
subsimulation: �3.75 and 1.35 log10 g/100 cm2, respectively.
Modelled levels on hides were restricted to maximum values re-
ported by O’Brien et al. (2005), accounting for potential bacterial
recovery deficiencies associated with the employed culture tech-
niques. Therefore, where modelled concentrations on cattle hides
exceeded the maximum limit, equal to 4.24 log10 g/100 cm2 plus
a bacterial recovery factor of Uniform(0.5, 1.5) log10 g/100 cm2

(O’Brien et al., 2004), the concentrationwas truncated to reflect the
maximum limit. Preliminary simulations of the model with no
interventions applied indicated that modelled concentrations on
cattle hides exceeded the maximum limit 3.8% of the time.

2.2.2. Pre-harvest interventions
Data describing the efficacy of various pre-harvest interventions

intended to decrease prevalence and/or concentrations of E. coli
O157:H7 in faeces were applied for different simulations of the
model. These data were obtained from systematic reviews and
meta-analyses. These studies consider all types of primary research
irrespective of study design (e.g., challenge trials, observational
studies, etc.) and identify those that meet or exceeded screening
criteria for quality of methodology. Sargeant et al. (2007) per-
formed a systematic review of the literature and summarized data
for quantifying the impacts of pre-harvest interventions including:
probiotics, vaccines, and antimicrobials. Snedeker, Campbell, and
Sargeant (2012) expanded upon this previous work and conduct-
ed a comprehensive systematic review and meta-analyses of pre-
harvest vaccinations.

Efficacies of interventions on prevalence of E. coli O157:H7 are
reported as odds ratios (OR). Where meta-analyses data were
available, the 5th percentile, mean, and 95th percentile of ORs were
used as the minimum, most likely, and maximum values of
a triangular distribution, respectively. Where meta-analysis data
were unavailable, a distribution was fit to the mean OR data
determined by Monte Carlo simulation with LHS for 25,000 itera-
tions, based on the AndersoneDarling test (Anderson & Darling,
1952) and visual interpretation. Distributions were truncated at
the minimum and maximum reported ORs. Outputs of each
distributionwere converted to relative risk (RR) using the following
formula (Higgins & Green, 2011):

RR ¼ OR=
�
1� Pf þ Pf � OR

�

where Pf is the prevalence in faeces predicted by the QRA model.
RRs were used in the model to determine the impact of interven-
tions of prevalence of E. coli O157:H7.
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All data describing effects of pre-harvest interventions on
concentrations of E. coli O157:H7 in faeces are based on challenge
trial studies where cattle were exposed to relatively high doses of
E. coli O157:H7 in order to measure the decrease in levels following
application of the intervention (as opposed natural exposure trials,
NETs, including non-randomized or randomized controlled trials
and observational studies). The results of such studies might not
adequately represent real-world phenomena where expected
levels of E. coli O157:H7 are generally lower than those artificially
achieved in challenge trials (Sargeant et al., 2007), and may over-
estimate the efficacy of interventions. To account for the uncer-
tainty surrounding the efficacy of pre-harvest interventions on
levels of E. coli O157:H7, it was assumed that the true reduction
would fall uniformly between aminimum andmaximumvalue; the
former was assumed to be either 0 CFU/g (i.e., no effect) or, in cases
where review data indicated potential for an increase in levels (as
was shown in one study for probiotic use), a value corresponding to
the maximum reported increase. The latter was represented by
estimates obtained from analyses of the review data: A point esti-
mate was used as the maximum reduction in the uniform distri-
bution where only a single data point was available; otherwise, the
lowest reported mean difference, average mean difference, and
highest reportedmean difference were used as the minimum, most
likely, and maximum reductions in a triangular distribution,
respectively, representing the maximum CFU/g reduction of the
intervention.

Only interventions for which both concentration and prevalence
data were available through systematic review and/or meta-
analysis were included in the model. Therefore, the pre-harvest
interventions evaluated were probiotics, Type III secreted protein
vaccination, and siderophore receptor and porin protein (SRP)
vaccination.

2.2.3. Processing
Processing describes the operations beginning at the slaughter

and dehiding of cattle and ending at the packaging of ground beef,
non-intact beef cuts, and intact beef cuts. A description of model
parameters used in this module is provided in Table 4.
Table 4
Input parameters for the processing module. Prevalence and concentration of Escherichia

Description Variable

Transfer ratio from hide to carcassa TRhc

Probability of infected carcass exterior entering processing Pc
Processing intervention(s) effect IntPc
Adjusted prevalence on carcassb AdjPc
Probability of contamination at evisceration Ex
Probability of carcass contaminated from hide Pch
Probability of carcass contaminated from gut Pcg
Probability of carcass contaminated from hide þ gut Pchg
Log reduction from hide to carcassa TFhc
Concentration on carcass Cc
Total surface area of the animal TSA
Total contaminated surface area a
Total organisms on contaminated carcass from hide Oh

Processing pre-evisceration intervention effect IntCc1
Total organisms on contaminated carcass from evisceration Oe

Processing post-evisceration intervention effect IntCc2
Processing chilling intervention effect IntCc3
Change in numbers in boning hall G
Number of organisms per carcass from hide contamination Nh

Number of organisms per carcass from gut contamination Ng

Number of organisms per carcass from hide þ gut contamination Nhg

Density on carcass from hide contamination Dh

Density on carcass from gut contamination Dg

Density on carcass from hide þ gut contamination Dhg

a Truncated at minimum and maximum values determined in subsimulations.
b Truncated to a maximum of 1 where interventions increase prevalence.
2.2.3.1. Carcass prevalence. Dehiding can result in carcass
contamination via direct contact of the hide with the carcass or
indirect transfer through airborne dispersion and contact with
contaminated equipment and hands. A TR was calculated to model
this process using data from Barkocy-Gallagher et al. (2003).
Carcass prevalence data were available for those tagged cattle from
which the authors also collected faecal and hide samples as
previously described. E. coli O157:H7 was recovered from 26.7% of
carcass samples; this was represented by beta(342 þ 1,
1281e342 þ 1) in the calculation of the TRhc:

TRhc ¼ ðPctr � Pctr � PhtrÞ=ðPhtr � Phtr � PctrÞ

where Pctr is the distribution of carcass prevalence data from
Barkocy-Gallagher et al. (2003). Pctr and Phtr were correlated using
a coefficient of 0.82 according to the relationship between preva-
lence on carcasses and hides entering abattoirs (Arthur et al., 2004).

Monte Carlo simulation using LHS with 25,000 iterations was
used to determine the distribution of TRhc. The best-fitting distri-
bution, as determined by the AndersoneDarling test (Anderson &
Darling, 1952) and visual interpretation, was fit to the output for
use in the QRA model. Distributions were truncated to reflect the
minimum (0.06) and maximum (0.28) values determined in the
subsimulation.

2.2.3.2. Concentration on carcasses. An approach similar to that
used to model the concentration on hides was used to model the
concentration on carcasses following dehiding: a TF was derived.
Arthur et al. (2004) measured MPN of E. coli O157:H7 on tagged
cattle hides and carcasses at abattoirs in the United States.
Following sampling of the hide and prior to pre-evisceration
carcass sampling, hides were removed and the pattern lines were
steam-vacuumed, which is not expected to significantly affect
concentration on carcasses (Gill & Landers, 2003). Cumulative
empirical distributions were fit to culture data (Arthur et al., 2004)
and TFhc was calculated, assuming the ratio of MPN on hides and
carcasses is equivalent to that for CFU, using the following
equation:
coli O157:H7.

Distribution/Model Units

Normal(0.237, 0.009) Prevalence
TRhc � Ph/(1 � Ph þ TRhc � Ph) Prevalence
Scenario-dependent Relative risk
(Pc � IntPc) Prevalence
10�(Uniform(2, 3)) Probability
AdjPc � (AdjPc � AdjPg � Ex) Probability
AdjPg � Ex � (AdjPc � AdjPg � Ex) Probability
AdjPc � AdjPg � Ex Probability
Logistic(�1.97, 0.457) log10 CFU/100 cm2

log10ð10ðChþTFhcÞ=100Þ log10 CFU/cm2

32,000 cm2

10(Triangular(log(30), log(300), log(3000))) cm2

log10ðð10Cc Þ � aÞ log10 CFU/carcass
Scenario-dependent log10 CFU/carcass
log10ðUniformð1;50Þ � 10AdjCf Þ log10 CFU/carcass
Scenario-dependent log10 CFU/carcass
Scenario-dependent log10 CFU/carcass
Triangular(0, 0.33, 1.5) log10 CFU/carcass
Oh þ IntCc1 þ IntCc2 þ IntCc3 þ G log10 CFU/carcass
Oe þ IntCc2 þ IntCc3 þ G log10 CFU/carcass

log10ðð10Oh � 10IntCc1 Þ þ 10Oe Þ þ IntCc2 þ IntCc3 þ G log10 CFU/carcass

10Nh =a CFU/cm2

10Ng=a CFU/cm2

10Nhg=a CFU/cm2
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TFhc ¼ log10
�
Cctf

�
-log10

�
Chtf2

�

where Cctf is the measured concentration on the carcass (CFU/
100 cm2) and Chtf2 is the measured concentration on the hide (CFU/
100 cm2) (Arthur et al., 2004). The minimum concentration
possible on hides or carcasses was determined using an assumed
total surface area of 32,000 cm2 (USDA-FSIS, 2001). Since bacterial
loads on carcasses are correlated with bacterial loads on hides
(Arthur et al., 2004), Cctf and Chtf were correlated using a coefficient
of 0.5. The distribution of TFhc was determined using Monte Carlo
simulation as described above, and was truncated at �6.47 and
2.37 log10 CFU/100 cm2, corresponding to the minimum and
maximum values predicted from the subsimulation.

2.2.3.3. Effect of evisceration. Following dehiding, cattle carcasses
are eviscerated and gut contents are removed. There is potential for
the intestinal tract to be ruptured during this process, where
contents would come in contact with the exterior of the carcass.
The probability of rupturing the intestine during the evisceration
stage was assumed to be distributed between 0.1% and 1%
(Cummins, Nally, Butler, Duffy, & O’Brien, 2008; USDA-FSIS, 2001).
Therefore, the overall likelihood of contamination during eviscer-
ation is relatively low compared to contamination from hides
entering the abattoir, as it is dependent on both the probability of
rupturing the intestine and the probability that the gut contents are
contaminated. When a carcass is contaminated by evisceration, it is
assumed that workers would clean the visibly contaminated area,
removing most, but not all, of the contamination. In the absence of
quantitative data, it was assumed that between 1 g and 50 g of
intestinal contents would remain on the carcass following this
cleaning process. The concentration of E. coli O157:H7 in contami-
nated intestinal contents was approximated by the concentration
in cattle faeces.

2.2.3.4. Processing interventions. To quantify the impacts of various
interventions applied at processing on concentrations of E. coli
O157:H7 on cattle carcasses, data from a systematic review and
meta-analysis of published literature were used. Efficacies of
various processing interventions on prevalence and concentration
of generic E. coli on carcasses as determined by NETs were
summarized by Greig et al. (2012). It was assumed that the efficacy
of processing interventions on prevalence and levels of E. coli
O157:H7 was similar to generic E. coli; there is a paucity of studies
describing intervention efficacies specifically on pathogenic strains
of E. coli. Processing interventions were evaluated in the model
using triangular distributions defined by the parameters of meta-
analysis outputs. Static values were used where only one data
point was available for a particular intervention. ORs were con-
verted to RR estimates using the following formula (Higgins &
Green, 2011):

OR=ð1� Pc þ Pc � ORÞ

where Pc is the prevalence on the carcass prior to intervention
application, as predicted by the QRA model. The impacts of pro-
cessing interventions on concentrations of E. coli O157:H7 were
represented as logarithmic reductions (log10 CFU/carcass).

Only interventions for which both concentration and prevalence
data were available through systematic review and/or meta-
analysis were included with the following exception: hot water
washing (>85 �C) was included in the model although only prev-
alence data were available because it was conservatively assumed
that its effect on levels of E. coli O157:H7 was similar to washing at
temperatures � 50 �C. Therefore, the processing interventions
evaluated were carcass washing (using water � 50 �C), hot water
washing (using water � 85 �C for 8e15 s), pre-wash intervention
followed by washing (described below), steam pasteurization
(at � 82.2 �C for 6e11 s), acid spray chilling (1.6%e2.6% lactic or
acetic acid applied prior to chilling), dry-aged chilling (multiday
refrigeration without spraying), and water spray chilling (inter-
mittently spraying with water during the first 8 h of the 24 h
chilling period). Pre-wash intervention followed by washing refers
to the combined effects of an initial intervention such as trimming
or vacuum spot cleaning followed by a carcass wash. Because the
potential effects of trimming or vacuum spot cleaning on concen-
trations (but not prevalence) are already accounted for in the der-
viation of the TFhc, data for carcass washing (<50 �C) were used as
a surrogate for this intervention’s effect on levels of E. coli O157:H7.

Processing interventions were applied at several points along
the processing stage of the model dependent on the intervention
scenario evaluated. Potential intervention points included 1)
following dehiding and prior to evisceration, 2) following eviscer-
ation and prior to chilling, and 3) during chilling. A summary of
processing interventions used in the model is presented in Table 5
and potential processing intervention points are identified in
Table 4. For some scenarios, interventions were applied at several
points along the processing continuum. In such scenarios, the RRs
for each interventionwere multiplied to determine their combined
effect on prevalence of E. coli O157:H7.

2.2.3.5. Carcass contamination prior to trimming and further proc-
essing. Growth can occur at various stages throughout processing;
significant growth has been demonstrated in the boning hall
(McEvoy et al., 2003). However, prevalence is not expected to
increase at this stage (Cummins et al., 2008; McEvoy et al., 2003).
Therefore, levels on contaminated carcasses were expected to
increase during this stage following the approach used by USDA-
FSIS (2001). Potential increases were represented with a trian-
gular distribution with minimum, most likely, and maximum
values of 0, 0.33, and 1.5 log10 CFU/carcass, respectively.

2.2.3.6. Further processing for ground beef. The steps and assump-
tions used to model the fate of E. coli O157:H7 during the trimming
and grinding process to produce ground beef are detailed in Table 6.
Trimmings collected during deboning are added to combo bins to
achieve a weight of 1000 kg. This is reflective of current practices
employed in Canada and is a central distinction from a previous
Canadian model that considered 5 kg packages. The surface area of
trimmings reported by Cummins et al. (2008) was used in the QRA
model. The occurrence of E. coli O157:H7 on trimmings and in
packages of ground beef was modelled by a Poisson process,
accounting for the probability that a given trimming is sourced
from a carcass contaminated from the hide, gut, or both sources.

2.2.3.7. Further processing of beef cuts. Prevalence of E. coli
O157:H7 on beef cuts was determined in the model by considering
the likelihood that the surface area of a beef cut contains the
exterior surface of the carcass from which it is fabricated. This
assumes that beef is sterile underneath exposed surfaces of the
carcass, and that beef cuts comprised entirely of internal meat are
uncontaminated. The prevalence of contaminated beef cuts was
calculated in part with a beef cut adjustment factor (AFbc). The
adjustment factor was determined using assumptions from USDA-
FSIS (2001, 2002), namely that 10e25% of bacteria on the surface
area of a carcass (Fbbc) and 10e82% of the carcass weight (Fwbc) is
destined for primal cuts. Therefore, AFbc was calculated as the ratio
of organisms per beef cut to organisms per trimming:

AFbc ¼ ðFbbc=FwbcÞ=ð1� FbbcÞ=ð1� FwbcÞ



Table 5
Pre-harvest and processing interventions assessed using the model.

Intervention Effect on prevalence
(odds ratio)a

Effect on concentration (log10 CFU/unit) Potential parameter(s)
affected

Source

Probiotics Loglogistic(0.149, 0.474, 1.80)b Uniform(Triangular(�3.3, �1.1, 0.05), 0.05) IntPf, IntPg, IntCf Sargeant et al. (2007)
SRP vaccine Triangular(0.25, 0.42, 0.73) Uniform(�0.30, 0) IntPf, IntPg, IntCf Snedeker et al. (2012)
Type III protein vaccine Triangular(0.29, 0.38, 0.51) Uniform(�1.88, 0) IntPf, IntPg, IntCf Snedeker et al. (2012)
Carcass wash (�50 �C) Triangular(0.41, 0.56, 0.77) Triangular(�0.52, �0.28, �0.04) IntPc, IntCc1, IntCc2 Greig et al. (2012)
Hot water wash (�85 �C) Triangular(0.05, 0.09, 0.15) Triangular(�0.52, �0.28, �0.04)c IntPc, IntCc1, IntCc2 Greig et al. (2012)
Pre-wash intervention

followed by wash
Triangular(0.05, 0.13, 0.35) Triangular(�0.52, �0.28, �0.04)d IntPc, IntCc1, IntCc2 Greig et al. (2012)

Steam pasteurization Triangular(0.08, 0.13, 0.22) Triangular(�0.59, �0.39, �0.19) IntPc, IntCc1, IntCc2 Greig et al. (2012)
Acid spray chill 0.020 Triangular(�1.19, �0.61, �0.04) IntPc, IntCc3 Greig et al. (2012)
Dry-aged chill Triangular(0.00, 0.03, 0.26) Triangular(�0.20, �0.13, �0.05) IntPc, IntCc3 Greig et al. (2012)
Water spray chill Triangular(0.13, 5.23, 214) Triangular(�0.55, �0.24, 0.07) IntPc, IntCc3 Greig et al. (2012)

a Used to determine relative risk for use in the model.
b Truncated at the reported minimum and maximum values of 0.190 and 4.31.
c Assumed to be similar to carcass wash (<50 �C) in absence of systematic review data for effects on concentration.
d Data for carcass wash (<50 �C) were used because effect of pre-wash inteverventions (i.e., steam vaccuming) on concentration was already considered in the derivation of

the hide-to-carcass transfer factor.
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where Fbbc is represented by a uniform distribution ranging from
0.10 to 0.25, and Fwbc is determined by a cumulative empirical
distribution constructed from data summarized by USDA-FSIS
(2001) describing the proportions of beef destined for beef trim
and annual slaughter counts by cattle type in the USA. The preva-
lence of contaminated beef trim destined for ground beef was
multiplied by AFbc to determine the prevalence of contaminated
beef cuts. The proportion of beef cuts that are subjected to
a tenderization process in Canada is unknown, and was assumed to
fall uniformly within the range of 20%e50% to estimate the prev-
alence of contaminated intact and non-intact beef cuts.
Table 6
Input parameters for the fabrication of ground beef, non-intact beef cuts, and intact bee

Description Variable

Mass of trimminga mtrm

Surface area per gram of trim SAtrm

Average surface area of trimmings Atrm

Mass of a combo bin of trimmings mcombo

Number of trimmings in a combo bin Notrm
Fraction of carcass bacteria destined for ground beef Fbgb
Fraction of carcass bacteria destined for beef cuts Fbbc
Fraction of carcass weight destined for ground beef Fwgb

Fraction of carcass weight destined for beef cuts Fwbc

Prevalence of contaminated trimmings Ptrm
Prevalence of contaminated combo bins Ppct
Number of contaminated trimmings in a contaminated combo binb NoCtrm
Number of organisms on a trimming from hide contaminationb Ntrmh

Number of organisms on a trimming from gut contaminationb Ntrmg

Number of organisms on a trimming from hide þ gut contaminationb Ntrmhg

Number of organisms in a contaminated combo bin Npctrm

Concentration in a contaminated combo bin Cpctrm
Mass of a retail package of ground beef mgb

Prevalence of contaminated packages of ground beefc Pgb
Beef cut adjustment factor AFbc
Prevalence of contaminated beef cutsc Pbc
Prevalence of contaminated intact beef cutsc Pibc
Intermediate prevalence of contaminated non-intact beef cuts Pinibc
Non-intact beef cut probability of cross-contamination Pxcon
Prevalence of contaminated non-intact beef cutsc Pnibc
Simulated number of organisms in contaminated ground beefb Ngb

Concentration in contaminated ground beef Cgb
Concentration in intact steaks from hide contamination Cibch
Concentration in intact steaks from gut contamination Cibcg
Concentration in intact steaks from hide þ gut contamination Cibchg
Concentration in intact beef cuts Cibc
Concentration in non-intact beef cuts Cnibc
a Truncated at minimum of 50 g and maximum of 1000 g.
b Only non-zero values simulated in each iteration.
c Accounts for truncation of zero-valued iterations.
In the absence of surface area data for primals, subprimals, or
beef cuts, the distribution of surface areas of beef trim as reported
by Cummins et al. (2008) was used as a surrogate for the surface
area of beef cuts. This was used in conjunction with the density of
E. coli O157:H7 within the contaminated area of carcasses
contaminated from the hide, gut, or both sources to calculate the
concentration of the pathogen on contaminated intact beef cuts.

Huang and Sheen (2011) used blade tenderization to quantify
lateral cross-contamination of E. coli O157:H7 in beef cuts during
processing of non-intact beef cuts. Uncontaminated beef cuts were
tenderized using a mechanical tenderizer following tenderization
f cuts.

Distribution/Model Units

Normal(300, 100) g
Uniform(0.1, 0.5) cm2/g
mtrm � SAtrm cm2

1,000,000 g
Custom distribution simulated using mcombo and mtrm Trimmings
Uniform(0.75, 0.9) e

1 � Fbgb e

Cumulative({0.18, 0.53, 0.90}; {0.79, 0.98, 1}) e

1 � Fwgb e

Fbgb � (a/TSA) � (Pch þ Pcg þ Pchg) Prevalence

1� ð1� PtrmÞNotrm Prevalence

Binomial(Notrm, Ptrm) Trimmings
Poisson(Dh � Atrm) CFU
Poisson(Dg � Atrm) CFU
Poisson(Dhg � Atrm) CFUPNoctrm

n¼1 DiscreteðfNtrmh;Ntrmg;Ntrmhgg; fPch; Pcg; PchggÞn CFU

Npctrm/mcombo CFU/g
Triangular(300, 500, 1000) g
Ppct � ð1� e�mgb�Cpctrm Þ Prevalence
(Fbbc/Fwbc)/(1 � Fbbc)/(1 � Fwbc) Factor
Ptrm � AFbc Prevalence
Pbc � Uniform(0.5, 0.8) Prevalence
Pbc � Pibc Prevalence
Pinibc � 4 Probability
Pinibc þ Pxcon Prevalence
Poisson(mgb � Cpctrm) CFU
log10 (Ngb/mgb) log10 CFU/g
log10 (Dh � SAtrm) log10 CFU/g
log10 (Dg � SAtrm) log10 CFU/g
log10 (Dhg � SAtrm) log10 CFU/g
Discrete({Cibch, Cibcg, Cibchg}; {Pch, Pcg, ichg}) log10 CFU/g
Discrete({Cibc, Cibc �0.5,Cibc �1,Cibc�1.5}; {1,1,1,2}) log10 CFU/g
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of a beef cut inoculated with E. coli O157:H7. The authors demon-
strated that lateral cross-contamination occurs during tenderiza-
tion; concentrations of E. coli O157:H7 recovered from the surface
of the first, second, third, and four beef cuts decreased by approx-
imately 0.5 log10 CFU/g with each cut, and the concentration on the
fourth and fifth cut were nearly identical. A custom distributionwas
constructed based on these data so that the concentration in
non-intact cuts was represented by discrete levels ranging from
the concentration expected in an intact beef cut to a value
1.5 log10 CFU/g lower. When modelling lateral cross-contamination
among non-intact beef cuts, it was assumed that tenderization of
a single beef cut will cross-contaminate four previously uncon-
taminated beef cuts as demonstrated by Huang and Sheen (2011). It
is possible that cross-contamination could impact a great number
of beef cuts; however, there is a paucity of data detailing this
phenomena. The steps and assumptions used to model the fate of
E. coli O157:H7 during fabrication of beef cuts are detailed in
Table 6.

2.2.4. Post-processing
The post-processing module refers to those processes which

beef products are subjected to following packaging through to
consumption. Storage at retail and by the consumer, thermal
inactivation (i.e., cooking), and consumption were explicitly
modelled in the QRA. A detailed description of parameters is
provided in Table 7.

2.2.4.1. Retail storage. Following processing, products are stored at
retail establishments for a given period of time. Products are stored
at either refrigeration or freezing temperatures. For the former
storage type, levels of E. coli O157:H7 were expected to remain the
same or increase, while for the latter, levels were expected to
remain the same or decrease during consumer storage. Neilsen
Market Track data indicated that in 2005, 239,707,935 kg and
24,339,393 kg of beef sold in Canadawas stored in refrigerators and
freezers, respectively (S. Evans, personal communication, February
2, 2011). However, an analysis of retail storage temperatures in the
USA (EcoSure, 2008) suggests that approximately 8.9% of ground
beef stored in retail refrigerators are subjected to temperatures
below 0 �C. Therefore, the proportion of products stored in freezers
was adjusted to include those products stored at temperatures
below freezing in refrigerators (i.e., the proportion of products
stored at freezing temperatures was increased from 9.2% to 17%).

Retail storage times are expected to be similar to those practiced
in the USA; therefore, storage times were modelled exponentially
as described in USDA-FSIS (2001) and truncated at 10 days, with
a mean storage time of approximately one day. Temperatures were
modelled using ground beef storage temperature data collected in
the USA (EcoSure, 2008). AWeibull distributionwas fit to all storage
temperature data greater than or equal to 0 �C based on the
AndersoneDarling test statistic (Anderson & Darling, 1952) and
visual interpretation of the data. The distribution was truncated to
the minimum and maximum surveyed values of 0 �C and 19.4 �C,
respectively. The 5th percentile, mean, and 95th percentile of
refrigeration storage temperatures were 0.78 �C, 3.9 �C, and 7.8 �C,
respectively.

2.2.4.2. Retail growth. Growth throughout retail storage at temper-
atures equal to or greater than 0 �C was modelled using the primary
model developed by Baranyi and Roberts (1994). The output of this
dynamic model was the expected increase in concentration during
retail storage, expressed as log10 CFU/g. Growth of pathogens is
dependent on model parameters including the lag phase duration
(LPD), specific growth rate (SGR), and maximum population density
(MPD). Tamplin, Paoli, Marmer, and Phillips (2005) developed
secondary models to determine these parameters using experi-
mental data for E. coliO157:H7 growth in irradiated ground beef. The
secondary models were used in the QRA to determine LPD, SGR, and
MPD for use in the primary growth model. Tamplin et al. (2005) re-
ported that growth of nine of ten strains of E. coliO157:H7 occurred at
temperatures as lowas 6 �C; but levels of all strains decreased at 5 �C.
It is unclear what the exact threshold is for growth of E. coli O157:H7
in beef, and it most likely varies by strain. As a conservative simpli-
fication, growth of E. coli O157:H7 was set to zero at storage
temperatures between 0 �C and a threshold temperature uniformly
distributed between 5 �C and 6 �C. At temperatures exceeding the
threshold for growth, increases in levels of E. coli O157:H7 in refrig-
erated ground beef were determined using the primary growth
model. At temperatures greater than the growth threshold and less
than or equal to 10.08 �C, LPD was set to zero in accordance with
experimental data (Tamplin et al., 2005).

At temperatures below 0 �C, levels of E. coli O157:H7 were
assumed to remain constant, because beef product stored at
freezing temperatures at retail were assumed to be stored at
freezing temperatures during the consumer storage stage, and the
potential reduction in levels was accounted for during the
consumer storage module. This prevents “double-counting” the
potential effects of freezing for products stored at freezing
temperatures at retail and consumer storage.

2.2.4.3. Consumer storage. Beef products are purchased from retail
establishments and subsequently stored under different conditions
prior to consumption. Product can be stored during the consumer
storage stage at refrigeration or freezing temperatures. It was
assumed that products stored at temperatures below freezing
during the retail storage stage would be stored below 0 �C during
consumer storage. Thawing was not explicitly modelled; while
thawing is expected to occur, it was assumed that the temperatures
above the growth threshold temperature would not be achieved
prior to cooking. For products stored at refrigeration temperatures
at retail, it was assumed that storage practices would be similar to
those reported in a survey of Irish consumers where 54% of
consumers stored fresh ground beef in the fridge and 43% stored
fresh ground beef in the freezer (Mahon, Cowan, Henchion, &
Fanning, 2006). Similar to the retail storage module, the propor-
tion of beef products stored at temperatures below freezing was
adjusted using USA survey data (EcoSure, 2008) that indicated that
6.9% of dairy products were stored at temperatures below 0 �C in
refrigerators (data specific to beef products were unavailable).

In the absence of survey data, USDA-FSIS (2001) used an expo-
nential distribution tomodel home storagewith amean represented
by a uniform distribution with minimum and maximum values of
0.5 and 1.5 days, respectively. However, an Irish survey indicated
that 96% of consumers consumed refrigerated ground beef within 2
days of purchase (Mahon et al., 2006). An exponential distribution
was used hereinwith a mean represented by a uniform distribution
with minimum and maximum values of 0.5 and 1, respectively. The
distribution was truncated at a maximum storage time as deter-
mined by growth of spoilage bacteria in the product. E. coli O157:H7
is not the only bacteria potentially present in beef products and
from a product quality and organoleptic perspective, growth of
other bacteria is more likely to contribute to product spoilage.
Pseudonomas spp. are a ubiquitous bacteria commonly associated
with food spoilage. Therefore, maximum storage time during the
consumer storage phase was dependent on modelled levels of
Pseudonomas spp., following the approach of Signorini and Tarabla
(2009). Therefore, the mean consumption time of the truncated
distribution was approximately 18 h and the 96th percentile
approximated the results of Mahon et al. (2006); that is, 2.4 days,
compared to 3.2 days using the USDA-FSIS (2001) assumptions.



Table 7
Parameters used for the retail storage, consumer storage, and thermal inactivation modules.

Description Variable Distribution/Model Units

Retail Storage
Type of retail storage (1 ¼ refrigerated,

0 ¼ frozen)
Stor Binomial(1, 0.823) e

Retail fridge storage temperaturea Tr Weibull(2.09, 4.91, Shift(�0.490)) �C
Time on retail displayb tS (Exponential(Uniform(0.5, 1.5))) � 24 hours
Specific growth rate SGRr ðð0:028� ðTr � 3:7942Þ � ð1� eð0:7524�ðTr�47:1646ÞÞÞÞ2Þ=lnð10Þ log10/hour
Lag phase durationc LPDr �1.033 þ 14.957 � exp(�(ln(2)/ln(11.2532)) � ln((Tr � 10.641) � (11.2532 � 1)/(6.376 � 11.253) þ 1)2) hours
Maximum population density MPDr 9.411431 þ (�1.2337693 � 10�5 � Tr

3) log10 CFU/g
Intermediate growth calculation Ftr ts þ ð1=SGRrÞ � lnðeð�SGRr�tsÞ þ eð�SGRr�LPDrÞ � eð�SGRr�ts�SGRr�LPDrÞÞ e

Growth during retail fridge storaged Grtlfridge SGRr � Ftr � lnð1þ ððeðSGRr�FtrÞ � 1Þ=ðeðMPDr�CprodÞÞÞÞ; where Cprod equals Cgb; Cibc; or Cnibc depending on product log10 CFU/g
Growth during retail freezer storage Grtlfreeze 0 log10 CFU/g
Modelled growth at retail Grtl If(Stor ¼ 1, Grtlfridge, Grtlfreeze) log10 CFU/g
Consumer Storage
Type of consumer storage (1 ¼ refrigerated,

0 ¼ frozen)
Stoh Set to 0 if Stor ¼ 0, otherwise Binomial(1, 0.519) e

Consumer fridge temperaturea Th Lognormal(9.37, 2.07, Shift(�5.55)) �C
Initial concentration of spoliage bacteria

(Pseudomonas spp.)
psinitial Triangular (1, 1.5, 2) log10 CFU/g

Pseudomonas spp. specific growth rate SGRpseudo eðNormalð�0:4873þð0:1155�ðlnðThÞÞÞ; 0:12ÞÞ log10/hour
Pseudomonas spp. lag phase LPDpseudo eðNormalð1:568þð�0:33�ðlnðThÞÞÞ; 0:32ÞÞ hours
Maximum time to consumption MaxTC ((Uniform(8, 9) � psinitial)/SGRpseudo þ LPDpseudo) � 24 hours
Time to consumptione TCh Exponential(Uniform(0.5, 1)) � 24 hours
Specific growth rate SGRh ðð0:028� ðTh � 3:7942Þ � ð1� eð0:7524�ðTh�47:1646ÞÞÞÞ2Þ=lnð10Þ log10/hour
Lag phase durationc LPDh �1.033 þ 14.957 � exp(�(ln(2)/ln(11.2532)) � ln((Th � 10.641) � (11.2532 � 1)/(6.376 � 11.253) þ 1)2) hours
Adjusted lag phase durationf AdjLPDh LPDh � ts hours
Maximum population density MPDh 9.411431 þ (�1.2337693 � 10�5 � Th

3) log10 CFU/g
Intermediate growth calculation Fth TCh þ ð1=SGRhÞ � lnðeð�SGRh�TChÞ þ eð�SGRh�AdjLPDhÞ � eð�SGRh�TCh�SGRh�AdjLPDhÞÞ
Growth during consumer fridge storaged Gconfridge SGRh � Fth � lnð1þ ððeðSGRh�FthÞ � 1Þ=ðeðMPDh�CprodÞÞÞÞ; where Cprod equals Cgb; Cibc; or Cnibc depending on product log10 CFU/g
Growth during consumer freezer storage Gconfreeze �Cumulative(0, 3, {0,0.5,1,1.5,2,2.5,3}, {0,0,0.19,0.77,0.94,0.968,0.996}) log10 CFU/g
Concentration in consumer refrigerated

product
Crawfridge Cprod þ Grtl þ Gconfridge; where Cprod equals Cgb, Cibc, or Cnibc depending on product log10 CFU/g

Concentration in consumer frozen product Crawfreeze Cprod þ Grtl þ Gconfreeze; where Cprod equals Cgb, Cibc, or Cnibc depending on product log10 CFU/g
Concentration in product before cooking Crawgb, Crawnibc, Crawibc IF(Stoh ¼ 1, Crawfridge, Crawfreeze) log10 CFU/g
Thermal Inactivation
Ground beef thermal inactivation model:

regression coefficient
K_0gb �10.2 log10 CFU/g

Ground beef thermal inactivation model:
regression coefficient

K_1gb 0.21 log10 CFU/g �C

Internal temperature of cooked ground beefa Tckgb Weibull(7.03, 78.1, Shift(�3.07)) �C
Mechanically-tenderized non-intact beef cuts

thermal inactivation model: regression
coefficient

K_0mtbc �1.52 log10 CFU/g

Mechanically-tenderized non-intact beef cuts
thermal inactivation model: regression
coefficient

K_1mtbc 0.091 log10 CFU/g �C

Brine-injected non-intact beef cuts thermal
inactivation model: regression coefficient

K_0bibc �1.72 log10 CFU/g

Brine-injected non-intact beef cuts thermal
inactivation model: regression coefficient

K_1bibc 0.070 log10 CFU/g �C

Intact beef cut thermal inactivation model:
regression coefficient

K_0ibc �1.24 log10 CFU/g

Intact beef cut thermal inactivation model:
regression coefficient

K_1ibc 0.091 log10 CFU/g �C

Internal temperature of cooked beef cuta Tckbc Normal(69.3, 13.7) �C
Thermal inactivation from cooking productg Ickgb, Ickmtbc, Ibibc, Ickibc K_0x þ K_1x � Tckx; where K_0x, K_1x, and Tckx are product dependent log10 CFU/g

(continued on next page)
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Refrigeration storage temperatures were modelled for this
phase using data collected in the USA (EcoSure, 2008). A lognormal
distribution was fit to storage temperature data greater than or
equal to 0 �C based on the AndersoneDarling test statistic
(Anderson & Darling, 1952) and visual interpretation. The distri-
bution was truncated at the minimum and maximum surveyed
values of 0 �C and 17.2 �C, respectively. The 5th percentile, mean,
and 95th percentile of refrigeration storage temperatures were
0.96 �C, 3.9 �C, and 7.6 �C, respectively.

2.2.4.4. Consumer storage growth. Where products were stored at
temperatures less than 0 �C, a decrease in E. coli O157:H7 levels was
modelled based on the cumulative distribution described by USDA-
FSIS (2001), which assumes that levels decline from between
0 log10 CFU/g and 3 log10 CFU/g during storage under typical
freezing conditions.

Growth for products stored at temperatures equal to or greater
than 0 �C was modelled using the primary and secondary models
previously described. LPD was dependent upon growth during the
retail storage module; that is, if growth occurred during retail
storage it was assumed that no lag phase occurred during the
consumer storage stage. For cases where LPDwas not automatically
set to zero given modelled growth during the retail stage or storage
temperatures during the consumer stage, calculated lag phase
during consumer storage was modified as follows: a) if LPD was
greater than the total storage time during the previous (i.e., retail)
stage, previous storage time was subtracted from the LPD, and b) if
LPD was less than the previous storage time, LPD was set to zero.
These modifications were carried out under the assumption that
previous storage time impacts the calculated LPD during consumer
storage. The final concentration in beef products at the end of this
stage was calculated as the sum of the concentration at the end of
the processing module, the growth during retail storage, and the
growth during consumer storage.

2.2.4.5. Thermal inactivation. The reduction in concentration of
E. coli O157:H7 in ground beef was modelled assuming the rela-
tionship reported by Juneja, Snyder, Williams, and Marmer (1997)
as determined by cooking hamburgers to internal temperatures
between 56.1 and 74.4 �C. This linear model is dependent on the
internal temperature achieved during cooking; internal tempera-
tures measured in ground beef products cooked in the USA were
considered (EcoSure, 2008). A Weibull distribution was fit to
temperature data based on the associated AndersoneDarling test
statistic (Anderson & Darling, 1952) and visual interpretation; this
distribution was truncated at the minimum and maximum
surveyed values of 23 �C and 99 �C, respectively. The 5th percen-
tile, mean, and 95th percentile of the distribution were 48.2 �C,
70.0 �C, and 88.1 �C, respectively. The range of internal cooked
temperatures (EcoSure, 2008) extends outside the range of tested
temperatures (Jujena et al., 1997); therefore, the linear model was
extrapolated to determine inactivation at internal temperatures
outside those tested. However, the linear model predicted that
approximately 5% of the time, growth occurs during cooking,
attributed to the lower tail of the distribution of cooking
temperatures (i.e., at T < 48.2 �C). This was considered a limitation
of the inactivation curve, and rather than explicitly model growth
in these cases, it was assumed that levels of E. coli O157:H7 would
remain constant. Therefore, in approximately 5% of instances, no
reduction in levels of E. coli O157:H7 in ground beef occurred
during cooking, which is similar to previous risk models (USDA-
FSIS, 2001).

Three studies were available from which to elucidate the rela-
tionship between E. coli O157:H7 inactivation and internal
temperatures of beef cuts. Among these studies, heat inactivation of



Table 8
Interventions currently practiced in Canada based on expert opinion (Greig et al.,
2012). Pre-harvest interventions were not applied.

Intervention type Intervention Variable Probability of use

Pre-harvest None Iph 1
Production:

Pre-evisceration
Hot water wash Ipre1 Uniform(0.5, 0.7)
None Ipre2 1 � Ipre1

Production:
Post-evisceration

Pre-wash
intervention
followed by wash
& steam
pasteurization

Ipoe1 Uniform(0.5, 0.7)

Pre-wash
intervention
followed by
wash only

Ipoe2 1 � Ipoe1

Production: Chilling Water spray or
acid spray chilla

Ich1 Uniform(0.5, 0.7)

Dry-aged chill Ich2 1 � Ich1
a Assumed equal probability of either spray type to be used (water or acid spray).
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E. coli O157:H7 was measured in non-intact cuts that were either
mechanically-tenderized (Luchansky et al., 2009; Sporing, 1999) or
brine-injected (Luchansky et al., 2011), and intact cuts (Sporing,
1999).

Data from Sporing (1999) and Luchansky et al. (2009) were
used to determine the linear regression parameters for the inac-
tivation of mechanically-tenderized beef cuts by averaging the
measured log reductions across studies at each test temperature
(48.9 �Ce76.7 �C), represented as normal distributions, regardless
of cooking method and steak thickness. Average log reductions
were plotted against internal temperature, and a linear regression
line was fit to the data (r2 ¼ 0.968). The mean slope and intercept
were determined using Monte Carlo simulation using LHS with
25,000 iterations. The resulting linear regression equation was
used in the QRA model to determine the reduction in E. coli
O157:H7 levels in mechanically-tenderized beef cuts by heat
inactivation. To determine the expected log reduction in brine-
injected non-intact beef cuts, data from Luchansky et al. (2011)
for steaks tenderized using brine formulations containing both
salt and phosphate, and salt, phosphate, lactate and diacetate
and immediately cooked to internal temperatures ranging from
37.8 �C to 71.1 �C were plotted and linear regression parameters
were obtained as described for mechanically-tenderized beef
cuts (r2 ¼ 0.911). The proportion of non-intact cuts that
are mechanically-tenderized versus brine-injected is unknown.
Therefore, the QRA model selected the inactivation parameters
specific to mechanically-tenderized or brine-injected non-intact
beef cuts assuming an equal probability of occurrence. Regression
parameters for use in determining heat inactivation in intact beef
cuts were determined similarly for non-intact beef cuts
(r2 ¼ 0.933) using measured reductions at temperatures ranging
from 48.9 �C to 76.7 �C (Sporing, 1999).

Internal temperatures of beef cuts were determined using data
from a USA survey where participants measured the finished
cooking temperature of beef products with a calibrated probe
thermometer (EcoSure, 2008). A normal distribution was fit to the
data based on the criteria previously described and truncated at the
minimum (27 �C) and maximum (138 �C) surveyed temperatures.
The 5th percentile, mean, and 95th percentile of the distribution
were 46.9 �C, 69.3 �C, and 91.8 �C, respectively. The range of internal
temperatures extends outside the range of tested temperatures,
and the linear models for non-intact and intact beef cuts were
extrapolated to determine inactivation at internal temperatures
outside the range of those tested.

2.2.4.6. Consumption. The mean, unweighted amounts of ground
beef and beef cuts consumed in a single serving across the Cana-
dian population were estimated at 64.8 g and 104 g, respectively,
from data collected in the Canadian Community Health Survey
Cycle 2.2 (Statistics Canada, 2008). The standard deviations asso-
ciated with these beef products were 72.6 g and 97.3 g, attributed
to differences in beef composition of the food item and consumer
characteristics. Serving sizes were assumed to be distributed
lognormally.

2.3. Hazard characterization

Doseeresponse models characterize the relationship between
the ingested dose and the probability of endpoint of interest (i.e.,
illness). The doseeresponse model first described in Cassin et al.
(1998) was used to determine the probability of illness from
exposure to E. coli O157:H7 in ground beef, non-intact beef cuts,
and intact beef cuts. The Beta-Binomial model is characterized by
two parameters, a and b, and assumes a non-threshold level of
illness.
2.4. Risk calculation

The output of the exposure assessment (i.e., ingested dose) was
used as an input into the doseeresponse model to determine the
probability of illness for a single serving of each beef product (i.e.,
ground beef, non-intact beef cuts, and intact beef cuts). The
exposure assessment determined the likelihood of exposure to
E. coli O157:H7 in each commodity; this probability was multiplied
by the corresponding probability of illness predicted by the
doseeresponse model to determine the probability of illness for
a single serving.
2.5. Intervention scenarios

Twenty intervention scenarios were evaluated in the model. For
each scenario, the model was run for 25,000 iterations, and the
process was repeated ten times. Average risk estimates were
determined from the average outputs of each model run for each
intervention scenario.

The majority of intervention scenarios were selected to deter-
mine the effects of single interventions or combinations of inter-
ventions applied 100% of the time. However, two scenarios were
evaluated to provide a worst-case estimate for baseline compara-
tive purposes and an estimate of the current situation in Canada:
the “no intervention” scenario (i.e., scenario 1) and the “current
practices” scenario (i.e., scenario 12), respectively. The former
represents a conservative scenario where no interventions are
applied, whereas the latter reflects practices believed to be
currently applied in Canada (Table 8). Processing interventions and
their frequency of application in Canada for the current practices
scenario were determined based on expert opinion (Greig et al.,
2012), where two beef processing specialists classified each inter-
vention as “never”, “sometimes”, “often”, or “always” used in
commercial settings in Canada. Qualitative assessments of the
frequency of application of interventions from Greig et al. (2012)
were quantified for use in the QRA as follows: 1) where interven-
tions were described as “always” used, a 100% probability of use
was assumed, and 2) where interventions were described as “often”
used, the probability of use was uniformly distributed between 50%
and 70% in themodel. Interventions described as “sometimes” used
were not included in the current practices scenario as a model
simplification. It was assumed that none of the pre-harvest inter-
ventions assessed herein are currently applied to an appreciable
degree in Canada. Differences among simulation outputs within
beef product categories were attributed to effects of interventions
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on prevalence and/or concentration of E. coli O157:H7 throughout
the agri-food beef chain. In other words, the output of the exposure
assessment for each scenario was directly impacted by the appli-
cation of different interventions.

3. Results

3.1. Comparison of interventions

Several intervention scenarios were applied to evaluate no
interventions, single pre-harvest or processing interventions,
combinations of pre-harvest interventions and processing inter-
ventions, or multiple processing interventions (Table 9). Scenario 1
represented a hypothetical, worst-case scenario where no inter-
ventions were considered throughout the entire farm-to-fork
continuum. Note that this scenario was not an accurate represen-
tation of current practices in Canada (the current practices scenario
was derived to approximate this), but was used as a conservative
reference point for demonstrating relative risk reductions or
increases. Single intervention types (scenarios 2 through 11) refer
to scenarios where a single interventionwas consistently applied at
one point along the agri-food beef chain and no impacts were
considered at other potential intervention points. Efficacies of
single washing and steam pasteurization processing interventions
were evaluated at both pre-evisceration and post-evisceration
application points in initial model runs. For each of these inter-
ventions (i.e., carcass wash � 50 �C, hot water wash � 85 �C, pre-
wash intervention followed by wash, and steam pasteurization),
the application point did not significantly affect risk estimates, and
only results from post-evisceration applications are shown here.
Combination intervention types (scenarios 12 through 20) refer to
scenarios where more than one intervention was applied, and
included the current practices scenario (scenario 12).

All interventions except one reduced the average probability of
illness per serving from consumption of ground beef, non-intact
beef cuts, or intact beef cuts contaminated with E. coli O157:H7
relative to the probability of illness for the no intervention scenario
Table 9
Average probability of illness per serving of ground beef, non-intact beef cuts, and intact b
using Latin Hypercube Sampling with 25,000 iterations, repeated ten times. Scenario 1 re
reflects practices believed to be currently applied in Canada.

Intervention
type

Scenario
(Sc.)

Description

None 1 No Interventions
Single 2 Probiotics

3 SRP vaccine
4 Type III protein vaccine
5 Carcass wash (�50 �C)
6 Hot water wash (�85 �C)
7 Pre-wash intervention followed by wash
8 Steam pasteurization
9 Acid spray chill

10 Dry-aged chill
11 Water spray chill

Combination 12 Current Practices
13 Sc. 12 þ Probiotics
14 Sc. 12 þ SRP vaccine
15 Sc. 12 þ Type III protein vaccine
16 Pre-evis. Hot water washþ post-evis. Hot wa

wash þ Acid spray chill
17 Pre-evis. Hot water washþ post-evis. Hot wa

wash þ post-evis. Steam pasteurization þ Ac
spray chill

18 Sc. 17 þ Probiotics
19 Sc. 17 þ SRP vaccine
20 Sc. 17 þ Type III protein vaccine
(scenario 1) (Table 9). Application of water spray chilling increased
the average probability of illness per serving by 6.7%, 26.8%, and
11.3% for ground beef, non-intact beef cuts, and intact beef cuts,
respectively. Differences among relative effects of interventions on
probability of illness among products can be attributed both to
product treatment following application of interventions, and the
stochastic nature of the model. Analysis of the impacts of water
spray chilling relative to the no intervention scenario at interme-
diate points in the model revealed that its application nearly
doubles the average prevalence of contaminated carcasses so that
96% of carcasses are contaminated, but reduces average counts on
contaminated carcasses by approximately 44%.

The average probability of illness per serving of ground beef,
non-intact beef cuts, and intact beef cuts following application of
single pre-harvest interventions was reduced by 30.9%e61.9%,
37.1%e61.4%, and 35.3%e72.1%, respectively, relative to the no
intervention scenario (scenario 1) (Table 9). Excluding the water
spray chilling scenario (scenario 11), relative reductions for single
processing interventions applied post-evisceration were 45.3%e
92.4%, 44.3%e95.5%, and 44.0%e96.5%, respectively. Generally,
single processing interventions reduced risks more than single pre-
harvest interventions. Combinations of interventions had the
greatest impact, and reduced the average probability of illness per
serving of ground beef, non-intact beef cuts, and intact beef cuts by
95.1%e99.6%, 95.3%e99.9%, and 95.1%e99.9%, respectively, relative
to the no intervention scenario. Intervention combination scenarios
were selected based in part on determining the maximum reduc-
tions in risk; therefore, it is likely that different combinations could
have a lesser, but still significant, impact on risks. Regardless, the
results demonstrate the possible relative risk reductions achieved
by combinations of interventions, which is of considerable interest
to risk managers. The most effective intervention types included
application of a pre-harvest intervention and several processing
interventions. Specifically, application of Type III secreted protein
vaccination along with a suite of processing interventions (applied
pre- and post-evisceration and during chilling) provided the
greatest relative reduction in risks. It is worthwhile to note that
eef cuts for each intervention scenario as determined using Monte Carlo simulation
presents a conservative scenario where no interventions are applied and Scenario 12

Average probability of illness

Ground beef Non-intact beef cuts Intact beef cuts

1.78 � 10�4 6.97 � 10�7 6.00 � 10�8

9.62 � 10�5 4.31 � 10�7 3.71 � 10�8

1.23 � 10�4 4.39 � 10�7 3.88 � 10�8

6.77 � 10�5 2.69 � 10�7 1.67 � 10�8

9.71 � 10�5 3.88 � 10�7 3.36 � 10�8

4.13 � 10�5 1.29 � 10�7 1.12 � 10�8

5.74 � 10�5 2.08 � 10�7 1.83 � 10�8

4.37 � 10�5 1.55 � 10�7 1.28 � 10�8

1.36 � 10�5 3.13 � 10�8 2.08 � 10�9

5.37 � 10�5 1.70 � 10�7 1.45 � 10�8

1.90 � 10�4 8.84 � 10�7 6.68 � 10�8

8.66 � 10�6 3.29 � 10�8 2.92 � 10�9

3.75 � 10�6 2.39 � 10�8 2.76 � 10�9

3.81 � 10�6 1.52 � 10�8 1.15 � 10�9

1.90 � 10�6 1.14 � 10�8 4.62 � 10�10

ter 5.15 � 10�6 4.67 � 10�9 5.64 � 10�10

ter
id

3.99 � 10�6 2.59 � 10�9 3.22 � 10�10

2.09 � 10�6 1.20 � 10�9 1.61 � 10�10

2.09 � 10�6 1.14 � 10�9 1.32 � 10�10

6.71 � 10�7 8.06 � 10�10 6.33 � 10�11
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Fig. 2. Distribution of probability of illness for a single serving of cooked ground beef,
non-intact beef cuts, and intact beef cuts reflective of current practices in Canada.
Distributions are shown on a log scale for convenient comparison of relative risks
among products, and absolute values of probability of illness are not comparable to
those on a linear scale. See Table 9 for average estimates of absolute risk.
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current practices alone reduced risks by 95.1%e95.3%, depending
on the product, suggesting that current practices in Canada are
effective at reducing risks from consumption of E. coli O157:H7 in
beef products (Table 9). Detailed results from the current practices
scenario are presented below.

3.2. Current practices scenario outputs

The current practices scenario provided an indication of risks
reflective of current practices in Canada. Intermediate outputs
indicated that the average prevalence of contaminated packages
of raw ground beef, non-intact beef cuts, and intact beef cuts was
2.4%, 0.00020%, and 0.000030%, and average concentrations in
raw contaminated products after processing were 1.9 CFU/kg,
0.0042 CFU/kg, and 0.033 CFU/kg, respectively. Average concen-
trations prior to cooking marginally increased to 2.1 CFU/kg,
0.0044 CFU/kg, and 0.036 CFU/kg for the portion of products only
exposed to refrigeration temperatures throughout retail and
consumer storage; however, when also considering the portion of
products stored at freezing temperatures, average concentrations
in products decreased to 0.36 CFU/kg, 0.00078 CFU/kg, and
0.0061 CFU/kg, respectively, during post-processing storage.
Cooking had a significant effect on levels of E. coli O157:H7 and
decreased counts by 4.68 log10 CFU, 3.95 log10 CFU, and
5.06 log10 CFU for ground beef, non-intact beef cut, and intact beef
cut servings.

Modelled concentrations of E. coli O157:H7 in retail refrigerated
raw ground beef were compared with retail sampling data for
refrigerated ground beef samples collected in Canada to partially
validate the baseline model outputs. Sampling data for beef cuts
were not available for comparison. The contribution of frozen
packages was not considered in this partial validation because
sampling surveys are typically conducted on refrigerated ground
beef. Model outputs for concentration in raw ground beef were
filtered to provide a range of estimates of the expected prevalence
of packages containing detectable levels (Heijnen &Medema, 2006;
Wright, Chapman, & Siddons, 1994). Approximately 0.65%e2.6% of
contaminated packages of ground beef would contain detectable
levels and therefore be confirmed positive for E. coli O157:H7 by
sampling programs. Although the model predicted that 2.4% of raw
ground beef packages contain one or more CFU, because the
majority of refrigerated contaminated packages of ground beef
contained undetectable levels using conventional testing programs,
the expected average prevalence determined through sampling
ranged from approximately 0.02%e0.06%. Limited data describing
the prevalence of contaminated beef products in Canada are
available for comparison. Combined data from the most recently
reported sampling years of 2006e2009 of PHAC’s C-EnterNet
program (PHAC, 2006e2009) indicated that 5 of 704 retail samples
tested positive for VTEC (0.71%). Samples collected from 2006 to
2009 were not subtyped to determine prevalence of E. coli O157:H7.
It is expected that the prevalence of non-O157:H7 VTEC is equal to
or greater than E. coli O157:H7 in ground beef (Gill & Gill, 2010);
therefore, the test prevalence of E. coli O157:H7 in retail samples in
Canada for these years likely ranged from >0% to 0.36%. Samples
collected for the C-Enternet program in 2011 that were positive for
VTEC were subtyped for E. coli O157:H7. Subtyping of VTEC from
retail packages of raw ground beef (n ¼ 134) indicated that none of
the detected VTEC were E. coli O157:H7 (F. Pollari, personal
communication, December 08, 2011).

Average probabilities of illness per serving reflective of current
practices were 8.7 � 10�6, 3.3 � 10�8, and 2.9 � 10�9 for ground
beef, non-intact beef cuts, and intact beef cuts, respectively
(Table 9). Average risks from consumption of ground beef were
263 and 2965 times greater than those associated with non-intact
beef cuts and intact beef cuts, respectively. Consumption of
a serving of non-intact beef cuts was associated with a greater
average risk (approximately 11 times) than consumption of intact
beef cuts. The average values provide an indication of relative risks
per serving among products, and it is important to recognize that
the probability of illness is represented by a distribution of values
reflecting the variability and uncertainty surrounding the inputs. To
demonstrate, the cumulative distributions of probability of illness
per serving for each beef product from a single model run of 25,000
iterations are provided in Fig. 2. These distributions are plotted on
a logarithmic scale to provide an indication of both the magnitude
of differences in risks among the three products and the range of
possible risks associated with a single serving of each product; the
average values of these plots do not correspond with the average
probability of illnesses previously described because the central
tendencies are not constant across the log transformations. In
general, the majority of servings present minimal risk: only 0.04%
of servings of ground beef were associated with a probability of
illness greater than 1%, and none of the servings of non-intact or
intact beef cuts were associated with a probability of illness greater
than 1%.

3.3. Sensitivity analysis

The sensitivity of probability of illness to input values was
determined using Spearman’s rank order correlation. This measure
determines the degree to which the output value of interest
correlates with each input value. For example, if relatively high
risks are calculated during the simulation when the value for
a particular input parameter is high, the Spearman’s rank order
correlation will lie somewhere between > 0 and 1, with higher
values indicating a higher influence of the input variable on the
risk. Poisson equations were simplified to multiplicative relation-
ships where necessary to conduct the sensitivity analysis for
a single model run of 25,000 iterations for the no intervention
scenario (i.e., scenario 1). Probability of illness wasmost sensitive to
the following inputs:

a) Ground beef: cooking temperature (�0.71), host susceptibility
(0.52), home storagemethod (�0.19), contaminated area (0.12),
shedding period (0.12), serving size (0.10), faecal concentration
(0.08 each for both high and low periods), and retail storage
method (�0.08); and
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b) Non-intact beef cuts: host susceptibility (0.51), cooking
temperature (�0.30), concentration in faeces (0.30 and 0.21 for
low and high shedding periods, respectively), tenderization
method (0.24), hide-to-carcass transfer factor (0.23), consumer
storage method (�0.19), shedding period (0.18), contaminated
area (0.11), and faeces-to-hide transfer factor (0.11).

The probability of illness from consumption of intact beef cuts
was similarly sensitive to input parameters as non-intact beef cuts,
with the exception of tenderization method because it was not
a parameter used in the determination of risks from consumption
of intact beef cuts.

4. Discussion

The QRA provided a mathematical representation of the agri-
food beef chain in Canada that was used to quantitatively assess
the relative impacts of specific interventions on public health risks
from consumption of E. coli O157:H7 in beef products. It was also
used to derive estimates of current risks to residents of Canada
from ground beef, non-intact beef cuts, and intact beef cuts.
Combinations of pre-harvest and processing interventions or
combinations of solely processing interventions have the greatest
potential to reduce risks. The average number of illnesses per
million servings of cooked ground beef is provided for a simple
visualization of intervention scenarios potentially more effective
than current practices (Fig. 3). Application of pre-harvest Type III
secreted protein vaccination, SRP vaccination, or probiotics inter-
ventions in combination with a regime of processing interventions
provides the greatest reductions in numbers of illnesses from
consumption of beef products. Such decreases would result in
significant beneficial impacts to public health and economic burden
in Canada. However, other factors not addressed herein including
but not limited to practicality, compliance, monetary costs, product
quality, and social metrics should be considered. For example,
vaccination is the most effective pre-harvest intervention in the
model in agreement with expert opinion and previous analyses;
however, consensus on its practicality varies considerably (Cross,
Rigby, & Edwards-Jones, 2012; Jordan, McEwen, Lammerding,
McNab, & Wilson, 1999). Potential positive or negative effects of
interventions on occurrence of other pathogens in beef and in the
environment, where contamination of produce and water
resources can occur, should also be considered. For example, non-
O157 VTEC could cause up to 50% of VTEC illnesses in Canada,
and application of interventions targeted at E. coli O157:H7 are
expected to also affect their occurrence (Gill & Gill, 2010).
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Fig. 3. Average number of illnesses per million servings of cooked ground beef for
selected intervention scenarios. Scenario 12 represents the current practices scenario
and the remaining scenarios are presented in increasing order of impact from left to
right. Descriptions of other scenarios potentially more effective than scenario 12 are
provided in Table 9.
Comparison of various intervention scenarios not only provides
estimates of the relative positive impacts of each scenario on
public health, but also potential negative impacts. Water spray
chilling is a technique often employed in Canada (Greig et al., 2012)
but is demonstrated to have a negative impact on public health
from consumption of beef products. This is attributed to the high
likelihood that application of this intervention increases the prev-
alence of contaminated carcasses, despite decreasing concentra-
tion, and further study is recommended to determine whether this
is a worthwhile intervention to employ in processing plants
throughout Canada.

Caution must be exercised when interpreting the efficacies of
interventions, because data are derived frommultiple studies using
different study designs. Data quantifying the effects of pre-harvest
interventions on faecal concentrations are based on challenge trials
where cattle were exposed to high doses of E. coli O157:H7 in order
to measure the decrease in levels following application of the
intervention, as opposed to non-randomized or randomized
controlled trials and observational studies. The results of challenge
trials might not adequately represent real-world phenomena
where expected levels of E. coli O157:H7 are generally lower than
those artificially achieved in challenge trials, and may overestimate
the efficacy of interventions; however, these are the only quality
data identified in the extensive systematic reviews studies. The
potential over-estimation of the impact of pre-harvest interven-
tions on levels of E. coli O157:H7 are accounted for in the model by
assuming the decrease in levels fell uniformly between no effect (or
even a marginal increase in the case of probiotic use) and the
reduction determined from systematic review data. Despite these
uncertainties, the use of results from systematic reviews and meta-
analyses increases the confidence in estimates of intervention
effects compared to using data “cherry-picked” from primary
studies or narrative reviews. Systematic reviews are particularly
useful for identifying and collating information for the multitude of
interventions that can be applied throughout the agri-food chain
(Sargeant et al., 2006). Although the sensitivity analysis indicated
the importance of interventions at the consumer-level, systematic
review data are only available for pre-harvest and processing
interventions. Future systematic reviews might focus on effective-
ness of interventions such asmessaging programs to reduce storage
temperatures and undercooking of beef products.

The model described herein builds upon previous work using
updated knowledge and approaches to characterize the prevalence,
concentration, and behaviour of E. coli O157:H7 at pre-harvest, beef
processing, and post-processing, where appropriate. Until now,
impacts from pre-harvest interventions and potential reductions in
prevalence during processing on public health risks have not been
quantitatively assessed using a farm-to-fork model. This study also
provides the first quantitative assessment of the risks from
consumption of non-intact and intact beef cuts in Canada. Results
are directly influenced by the model inputs and assumptions, and
how accurately the model represents the process from E. coli
O157:H7 occurrence in pre-harvest cattle through to consumption
of beef products and the relationship between exposure dose and
infection. The absolute estimates of baseline risks produced by the
QRAmodel reflect, as best possible, not only the practices employed
in Canada, but also the uncertainties surrounding the quantification
of many of the processes considered. The baseline estimate of
probability of illness for ground beef falls within the ranges
previously reported in North America of 3.7 � 10�5 and 5.1 � 10�5

for Canadian children and adults (Cassin et al., 1998), respectively,
and 9.6 � 10�7 for the general USA population (Ebel et al., 2004;
USDA-FSIS, 2001), and worldwide for Argentina (3.2 � 10�7 to
8.1 � 10�7), Australia (4.6 � 10�4 to 6.4 � 10�4), the Republic of
Ireland (1.1 � 10�6), and Scotland (2.6 � 10�4) (Duffy, Butler, et al.,
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2006; Lammerding, Fazil, Paoli, Desmarchelier, & Vanderlinde,
1999; Rotariu et al., 2011; Signorini & Tarabla, 2009, respectively).
Baseline risk estimates for non-intact beef cuts and intact beef cuts
were lower than USA estimates of 6.3� 10�8 and 7.0� 10�8 (USDA-
FSIS, 2002), and perhaps more importantly, indicate a greater
relative impact of beef cut tenderization on public health. Variation
among model predictions is typical and is partially influenced
by different inputs for E. coli O157:H7 occurrence and the
doseeresponse model used to determine probability of infection or
illness (Duffy, Cummins, Nally, O0 Brien, & Butler, 2006).

We used the Beta-Binomial doseeresponse model developed by
Cassin et al. (1998) for determination of risk of illness following
consumption of E. coli O157:H7. This model incorporates variability
in probability of illness for any particular dose. The Beta-Binomial
model has been criticized for its conservatism because it assumes
that the virulence of E. coli O157:H7 is similar to that of Shigella
dysenteraie; however, doseeresponse models used elsewhere have
been criticized for under-estimating risks (Duffy, Cummins, et al.,
2006). A more recent doseeresponse model developed based on
outbreak data was found to predict 60 times more cases of illness
than the Cassin et al. (1998) model (Rotariu et al., 2011). No single
doseeresponse model available can be considered perfect, and
factors including variability in strain virulence and host suscepti-
bility and immunity are typically not accounted for. Further
research is required to determine the impacts of these factors on
the relationship between consumed dose, infection, illness, and
downstream events such as HUS, particularly because of the
pronounced impact of probability of host infection on risk esti-
mates demonstrated in the sensitivity analysis.

Along with host susceptibility, risk estimates were highly
sensitive to internal cooking temperatures. Survey data from
EcoSure (2008) used in the model consisted of a significant
proportion of undercooked servings. No explicit distinction is made
between beef products prepared at households versus commercial
foodservice and institutional establishments. Previous North
American risk models have either not considered the impact of
consumption of beef products at commercial foodservice and
institutional establishments on overall risks (Cassin et al., 1998), or
have assumed that storage and preparation practices are similar to
those practiced at households (USDA-FSIS, 2001); both approaches
are generally warranted given the paucity of data. The QRA
described herein uses data for household practices to predict risks
across Canada because data specific to practices in other estab-
lishments are unavailable. Numerous large-scale commercial
foodservice establishments employ control processes to reduce
storage temperature abuse and undercooking of ground beef
products such as hamburger patties (Seward, 2000). Therefore, it is
possible that the model over-estimates growth during consumer
storage and under-estimates the expected reduction in counts of
E. coli O157:H7 from cooking. For example, if all ground beef
products are cooked to an internal temperature of at least 60 �C or
71 �C (the latter reflects the minimum temperature recommended
by Health Canada), the average current practices probability of
illness is reduced to 1.7 � 10�6 and 9.3 � 10�10, respectively.

Predicted risks are also impacted by the concentration of E. coli
O157:H7 in faeces of shedding cattle during both the high and low
shedding periods, which is in agreement with previous assess-
ments (Duffy, Cummins, et al., 2006). Relatively recent faecal
concentration data are used in the model where concentrations of
E. coli O157:H7 in faeces of cattle were measured at levels up to
9.29 log10 CFU/g. Therefore, the model accounts for a proportion of
super-shedders, that is, cattle that for a period of time yield high
levels of E. coli O157:H7 in faeces (defined as levels greater than
approximately 4 log10 CFU/g (Stephens et al., 2009)). During the
low and high shedding periods, 9.5% and 26% of cattle are super-
shedders, respectively. This is a central distinction from previous
assessments where the maximum faecal concentration was
assumed to be 5 log10 CFU/g, and a lower proportion (approxi-
mately 10%) of cattle were considered super-shedders (Cassin et al.,
1998).

Despite accounting for greater levels of E. coli O157:H7 in cattle
faeces and lower internal cooked product temperatures, baseline
risk estimates for ground beef are lower than previous assessments
that used the same Beta-Binomial doseeresponse model, suggest-
ing that risks in Canada are lower than previously determined in
Canada (Cassin et al., 1998) or elsewhere (Rotariu et al., 2011). This
is the first QRA model using the Cassin et al. (1998) doseeresponse
model to also consider the effects of freezing, and freezing signifi-
cantly reduces levels of E. coli O157:H7 in beef products. It is also
the first to consider the potential reductions in prevalence of
contaminated carcasses caused by processing interventions.
Previous assessments considered only potential effects on counts
by using general efficacies of processing interventions represented
by distributions informed by narrative reviews of the scientific
literature; criteria for inclusion of data considered for the devel-
opment of decontamination effect distributions were not explicitly
stated. Sequential interventions applied at different points along
the farm-to-fork continuum should be considered to decrease both
prevalence and levels of E. coli O157:H7 on cattle carcasses (Loretz
et al., 2011; Martin & Beutin, 2011). The current practices scenario
described herein models the effects of processing interventions on
both counts and prevalence of the pathogen on cattle carcasses.
This novel approach estimates a reasonable detectable portion of
contaminated packages of ground beef given the uncertainties
surrounding sampling program detection limits, test specificity,
and sample representativeness. However, further characterization
of prevalence and concentration of E. coli O157:H7 at various stages
throughout the agri-food chainwould help to validate intermediate
model outputs and model assumptions.

Perhaps the most useful application of this model for risk
managers and other stakeholders lies within its capacity for
comparing relative risk estimates. The work described set out to
evaluate twenty different intervention scenarios ranging from no
interventions to a suite of interventions targeted at reducing levels
and prevalence of E. coli O157:H7 in cattle faeces and on carcasses.
In theory, 400 different intervention scenarios could be evaluated
using the described QRAmodel and intervention data. The model is
easily-adaptable to evaluate risks in specific regions of Canada or
other countries by manipulation of the input variables, including
tailoring the current practices scenario to reflect practices specific
to a particular region or country. As more critically-reviewed data
become available for different interventions applied throughout
the agri-food chain, risk assessors are potentially faced with the
challenge of an exponentially increasing number of possible
intervention scenarios; dialogue with stakeholders and risk
managers is necessary to ensure that appropriate interventions are
assessed using the model.

5. Conclusions

QRA models can provide risk managers and policy-makers with
a comprehensive picture of the key factors in the systems of
interest. A systems model to determine the prevalence and
concentration of E. coli O157:H7 on cattle through the agri-food
beef chain can be used to determine the public health risks to
a population, in this case residents of Canada, using country-
specific data inputs, from consumption of ground beef and non-
intact and intact beef cuts. Risks for ground beef determined
using current practices are approximately two to three orders of
magnitude greater than those for beef cuts, suggesting that risk
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management measures should focus on the former product to
maximize positive impacts to public health. However, it is impor-
tant to recognize that the process of tenderization can significantly
increase risks from consumption of beef cuts.

The QRA model provides a useful tool to compare relative effi-
cacies of different intervention strategies to determine their
potential impact on public health risks. The most effective strategy
for E. coli O157:H7 management appears to be one that includes
interventions at several stages along the agri-food beef chain. This
tool can be used to evaluate an essentially limitless combination of
intervention scenarios and can be adapted to include interventions
applied at different points along the farm-to-fork continuum as
data becomes available and other needs are identified. The use of
systematic reviews and meta-analyses to critically assess the
results of intervention studies enhances the confidence in relative
risk predictions, and future efforts should focus on reviewing
interventions applied at alternate points along the agri-food chain,
including those targeted at reducing storage temperature abuse
and undercooking, for inclusion in the model.
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