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A quantitative risk assessment was developed for verocytotoxigenic Escherichia coli (E. coli VTEC) following
hamburger consumption. The assessment considers initial contamination levels, cross-contamination and
decontamination events during the cattle slaughter process and the distribution, storage and consumption
patterns in Argentina and in similar countries in Latin-American. The model predicted an infection risk of
8.12×10−7, a probability of Hemolytic Uremic Syndrome (HUS) of 4.6×10−8 and a probability of mortality
of 5.9×10−9 per meal for adults. For children, the estimates per meal were 3.23×10−7, 1.8×10−8 and
6.31×10−10 for infection, HUS and mortality, respectively. The risk of infection and HUS, were sensitive to the
type of storage at home (r=−0.416), slaughterhouse storage temperature (r=0.240) and bacterial
concentration in the cattle hide (r=0.239). There was an association between home preparation of hamburgers
(r=−0.116) and the risk of illness, although this was a result of the type of storage at retail (r=−0.110) and at
home and not their intrinsic characteristics. Themost sensitive stages of the process were identified through the
risk assessment and these can be used as a basis for measures of risk management.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Verocytotoxigenic Escherichia coli (VTEC), serogroup O157, is an
important cause of uncomplicated or bloody diarrhoea (BD) and its
most important sequelae, haemolytic uremic syndrome (HUS) in
humans. E. coli O157:H7 was first identified as a human pathogen in
1982 and was associated with two major outbreaks of BD in the US. It
is the most prevalent VTEC serotype. However, other VTEC serotypes
have been reported to cause outbreaks or sporadic cases of BD and
HUS in many countries (Oteiza et al., 2006).

A variety of foods have been implicated in those outbreaks, but raw
or undercooked foods of bovine origin are primarily responsible. E. coli
VTEC is present in the faeces and intestines of healthy bovines and can
contaminate meat during slaughter. Due to the importance of meat
products in food outbreaks, cattle have been the focus ofmany studies to
determine their role in the transmission of the disease to humans
(Meichtri et al., 2004; Omisakin et al., 2003; Padola et al., 2002).

In Argentina, HUS is endemic and approximately 400 new cases are
reported each year by hospital nephrology units. The majority (95%) of
HUS cases are identified in children less than 5 years old, and in 2002,
the annual incidence rate reached 12.2/100,000. This rate is higher than
those reported in Oregon (2.6/100,000), Washington (3.0/100,000),
Canada (3–4/100,000), Chile (4.2/100,000)andUruguay (5.0/100,000)
(Padola et al., 2004). In children, HUS is the leading cause of acute renal
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failure and the second leading cause of chronic renal failure. Approxi-
mately 30% of children receiving kidney transplants suffered from HUS
(Ministerio de Salud y Ambiente de la Nación, 2005). Argentina not only
has one of the highest recorded incidence rates of HUS in the world
(Padola et al., 2004), but it also registers the greatest consumption of
bovine meat per inhabitant (N69 kg/year) (Rearte, 2007).

Risk analysis is now widely accepted as the preferred means to
assess possible links between hazards in the food chain and actual
risks to human health (FAO-WHO, 2006). The quantitative risk
assessments of acquiring E. coli VTEC following hamburger consump-
tion published thus far have not considered the storage conditions,
distribution and consumption patterns in developing countries. For
these reasons, they have not been useful to the risk managers in
developing countries for the identification or implementation of
appropriate measures to control the risk of acquiring E. coli VTEC.

The objective of this study was to develop a quantitative risk
assessment to model E. coli VTEC contamination of beef hamburgers
in Argentina. This is the first study in Argentina that has used a farm-
to-table risk approach.

2. Materials and methods

2.1. Model development

The prevalence and counts of E. coli VTEC bacteria were modelled
at various stages along the agri-food beef chain. The conceptual model
upon which the mathematical model was based is depicted in Fig. 1.
assessment for verocytotoxigenic Escherichia coli in ground beef
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Fig. 1. Flow diagram of the mathematical model of exposure assessment and the dose–response model for E. coli VTEC in hamburgers.

Table 1
Detection rates for E. coli VTEC in Argentinean cattle.

Reference Location Year No. positive/No. tested (%)

Meichtri et al.
(2004)

Buenos Aires, Santa Fe,
Córdoba y San Luis
(Argentina)

1999–2000 78/200 calves (39)

Sanz et al.
(1998)

Argentina No details 24/83 calves (28.9)
40/91 cows (43.9)

Padola et al.
(2004)

Buenos Aires 2000 37/59 cattle (62.7)

Notario et al.
(2000)

Santa Fe, Buenos Aires y
Córdoba (Argentina)

No details 30/68 cattle (44.1)
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The model was created in Microsoft Excel 2007 with the add-on
package @Risk (version 4.0, Palisade Corporation, New York, USA).

The model was developed using inputs derived from Argentinean
data, information and expert opinion, whenever possible. However,
where Argentinean-specific data were not available, international
data and scientific literature were consulted to improve the basis for
the model.

2.2. Exposure assessment

The potential exposure to E. coli VTEC in a single-meal serving was
estimated to assess the risk to human health associated with the
consumption of beef hamburgers. The exposuremodel was divided into
four modules: production, processing (slaughter), post-processing and
consumption. Each module yielded one or more output distributions
that served either as inputs to the nextmodule or as final outputs of the
estimation of the probability and number of viable organisms present in
a single-meal serving at the time of consumption.

2.2.1. Production
This module estimates the prevalence of E. coli VTEC-infected

cattle (Pf) entering Argentinean slaughterhouses. This module used
Please cite this article as: Signorini, M., Tarabla, H., Quantitative risk
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previous studies in Argentina that concerned prevalence of E. coli
VTEC in cattle. There are a number of studies that suggest differences
in pathogen prevalence in bovine species according to feeding
practices, cattle age and season of the year. However, there is no
scientific information in Argentina regarding the impact of these
factors on E. coli VTEC prevalence and so they were not incorporated
into the model. The previous studies in Argentina that were used to
estimate the cattle-prevalence distribution are shown in Table 1. The
distribution parameters were estimated using the method of
assessment for verocytotoxigenic Escherichia coli in ground beef
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Table 2
Model input parameters: production and processing.

Variable Description Units Distribution/Model

Pf Prevalence of E. coli VTEC in cattle faeces Beta(209+1501−209+1) fitted from Table 1
Pf-HUS Prevalence of E. coli VTEC-associated with HUS Pf×Beta(44+1.86−44+1)
Pfe Prevalence of E. coli in cattle faeces Beta(91+1327−91+1) based on Elder et al. (2000)
Pce Prevalence of E. coli in cattle carcass based on Elder et al. (2000) Beta(148+1341−148+1)
Fcc Factor for cross-contamination Pce/Pfe
Pc Probability of infected carcass Fcc×Pf-HUS/(1−Pf-HUS+Fcc×Pf-HUS)
Ih Initial levels of bacteria in animal hides log10 CFU/100 cm2 Cumulative distribution based on O'Brien et al. (2005)
Rf Recovery factor Uniform(0.5, 1.5)
Ith True number on hide log10 CFU/cm2 log(10(Ih+Rf)/100)
R Reduction factor from hide to carcass Cumulative distribution fitted from Bacon et al. (2000)
Ic Initial number in carcass introduced during de-hiding log10 CFU/cm2 Ith−R
TSA Total surface area cm2 10Triangular(log10(30),log10(300),log10(3000))

Ich Initial organisms on contaminated carcass after de-hiding log10 CFU/carcass Log((10Ic)×TSA
Rdec Decontamination reduction log10 Triangular(0, uniform(0.3,0.7), uniform(0.8,1.2))
Ref Refrigeration log10 Normal(uniform(−0.5,0.5),1)
Gcd Growth during cutting and deboning log10 Triangular(0, 0.33, 2.00)
Nacd Number of organisms per carcass after cutting and deboning log10 CFU/carcass Ich−Rdec+Ref+Gcd

CCA Concentration of E. coli per contaminated area log10CFU/cm2 log10(10Nacd/TSA)
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moments (Vose, 1996) and assumed that the prevalence could be
characterised with a beta distribution.

The ability of VTEC strains to cause severe disease is related to the
production of several proteins: one or more Shiga toxins (Stx1, Stx2,
and variants of Stx2) that are encoded by lysogenic bacteriophages;
intimin (encoded by the chromosomal eaeA gene), which is
responsible for the attachment and effacement lesions in the
intestinal mucosa; a 60 MDa megaplasmid that encodes an enter-
ohaemorrahagic haemolysin (Padola et al., 2004). However, only
some variants of stx2 were associated with HUS. Meichtri et al. (2004)
observed that 51.2% of the E. coli VTEC strains isolated from
Argentinean cattle belonged to 16 serotypes already associated with
bloody diarrhoea or HUS in several countries. These data were used to
adjust the Pf to calculate the prevalence of E. coli VTEC associated with
HUS (Pf-HUS) cattle (Table 2).

2.2.2. Processing
In general, Argentinean slaughterhouses follow the same proce-

dures. The prevalence and counts of E. coli VTEC were modelled at
various stages along the slaughter line from the arrival of live cattle to
carcass storage in the refrigerator. An “average slaughter line” is
depicted in Fig. 2.
Fig. 2. Flow diagram of the stages involved in Argentinean cattle slaughter. Ovals denote step
or no increase in concentration.

Please cite this article as: Signorini, M., Tarabla, H., Quantitative risk
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Transmission of E. coli VTEC from infected to susceptible cattle may
occur during cattle transportation from the farm to the slaughter-
house. However, evidence suggests that there is no significant
difference in faecal prevalence between the farm and slaughter
plant (Rice et al., 1997) and the duration of transportation was not
associated with faecal positive status (Cornell Collaborative Project,
1998). Additionally, it has been demonstrated that faecal prevalence
could be a better predictor of carcass contamination than hide
prevalence (Elder et al., 2000). For those reasons, the transportation
effect was not incorporated in the present model. Another study
demonstrated that pre-slaughter washing for 3 min did not
statistically reduce the numbers of E. coli O157:H7 transferred from
the hide to the carcass during slaughter (Byrne et al., 2000); therefore,
it was not included in the model.

E. coli is not naturally present in meat from healthy cattle, but it
may be deposited by faeces at one or several points between slaughter
and packaging, especially during de-hiding. In this step, the carcass
can be contaminated by direct contact with the hide or by cross-
contamination. The transfer of contamination from hide surface to
carcass is considered unavoidable. Information reported by Elder et al.
(2000) was used to model the cross-contamination process (Fcc) by
generating two Beta distributions for E. coli prevalence in faeces (Pfe)
s that may either increase or decrease contamination. Rectangles denote steps with little
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and on the carcass (Pce) before the evisceration and finally calculating
their relationship (Pce/Pfe).

To model the number of E. coli VTEC on carcass (Cf), we used the
approached of Cummins et al. (2008). No information is available
regarding the initial levels of bacteria on animal hides (Ih) from
Argentina. We therefore used the information reported by O'Brien
et al. (2005) to generate a cumulative frequency distribution. Because
the number of cells recovered are not the total bacteria in the carcass
(Ith), the model introduced a recovery factor (Rf) to consider this
aspect with an uniform distribution ranging from 0.5 to 1.5 log10, using
the information reported by O'Brien et al. (2004). Bacon et al. (2000)
reported a reduction in the level of the microorganisms on the carcass
compared to the hide level. Following the approach of Cummins et al.
(2008), the initial number of bacteria introduced to the carcass during
de-hiding (Ic) was modelled by applying an Rf that fitted a continuous
empirical cumulative distribution based on the information reported
by Bacon et al. (2000). The lack of Argentinean data about the E. coli
VTEC concentration on the surfaces of the hide and carcass is an
important limitation of this model. A significant amount of uncer-
tainly was introduced to the model with the use of information
generated in other environmental conditions and this is identified as a
simplification.

Because there is no evidence regarding the total contaminated
surface area (TSA) on carcasses, this model used the approach
suggested by USDA-FSIS (2001) that considers the minimum area
that contamination might be spread across to be 30 cm2 (based on the
measurable detection threshold), the most common level to be
300 cm2 and the maximum area to be 3000 cm2.

If the gut is nicked during the evisceration process, there is a
possibility of contamination, but no data are available to quantify this
risk. McEvoy et al. (2003) reported that evisceration did not appear to
contribute to carcass contamination with E. coli O157:H7. Others
authors (Cassin et al., 1998; Roberts et al., 1999) neglected to consider
the possible impact of evisceration in their models, and instead relied
on the low influence of this step in carcass contamination.
Argentinean slaughter processes consider the risk to be negligible if
the animal has been slaughtered after at least 12 h of rest. Therefore,
the present study did not model the effect.

Following hide removal, the Argentinean slaughterhouses remove
visible spots of faecal contamination with knife trimming and spray
washing after evisceration. The effectiveness of trimming as a
decontamination treatment is highly variable and cross-contamina-
tion can occur through knife cuts if inadequate knife sterilisation
methods are used (Cassin et al., 1998; USDA-FSIS, 2001). In Argentina,
the carcasses are typically washed with potable water at room
temperature (Rosmini, 2006). The prevalence of pathogens at
particular carcass sites can increase or decrease during a potable
water wash at a temperature of 35–40 °C, and this may be a result of
the redistribution of the carcass contamination during the washing
process (McEvoy et al., 2003). Another study (Gill and Landers, 2003)
suggested that washing is effectivewhen initial numbers are relatively
high, but ineffective when numbers are relatively low. This is likely
because the bacteria are probably associated with particles when
numbers are relatively high and particles are easily washed off the
meat by the large volumes of water applied in automatic washing
operations. When numbers are relatively low, most of the bacteria are
probably directly associated with tissues and may be refractory to
removal through washing. Even if the effectiveness of decontamina-
tion treatment depends on the initial bacterial load, there is
insufficient information to establish a mathematical relationship
between the two parameters. Therefore, the reduction in bacterial
numbers caused bywashingwas considered independent of the initial
charge for this study. Additionally, Gill (1999) reported that carcass
rinses reduced generic E. coli counts by 0.32 log CFU/cm2, while Dorsa
(1997) showed a 0.70 log CFU/cm2 reduction of E. coli. In the present
study, a triangular distribution modelled the reduction through
Please cite this article as: Signorini, M., Tarabla, H., Quantitative risk
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decontamination (Rdec) with a minimum value of 0 logs, an uncertain
“most-likely” value ranging from 0.30 to 0.70 logs (uniform distribu-
tion) and an uncertain “maximum” value ranging from 0.80 to 1.20
logs (uniform distribution).

After the sides of beef are decontaminated, they go into a chiller for
at least 24 h. McEvoy et al. (2003) reported that chilling reduced the
prevalence of E. coli O157:H7 on the carcass. Another author
(Sheridan, 2000) reported that carcass contamination could be
increased, decreased or unchanged following chilling and depended
upon parameters such as temperature, air speed and relative
humidity. Gill and Bryant (1997) reported that generic E. coli counts
increased by 0.25 logs in one slaughterhouse and decreased by 1.34
log CFU/cm2 in another slaughterhouse. Dorsa (1997) found a 1.2 log
CFU/cm2 increase in E. coli O157:H7 on carcasses stored at 5 °C for
48 h, although Gill et al. (1996) reported a reduction between 0.5 and
2.0 log CFU in coliforms and E. coli on carcasses following the cooling
process. Due to the uncertainty present in this step (Ref), the model
included a normal distribution with an uncertain mean ranging from
−0.5 to 0.5 logs (uniform distribution) and a standard deviation of 1
log. Therefore, the model predicts that the most likely effect is that
there is no effect from chilling, but it does allow for some variability.

During the cutting and deboning operations, contamination is
possible frommany sources including the environment, contaminated
sides of beef, equipment and operators. Minimal data is available on
the frequency and amount of E. coli VTEC contamination during the
cutting and deboning process, but it has been suggested that it might
result in an increased pathogen population on the meat trim (USDA-
FSIS, 2001). In four abattoirs, Gill (1999) identified an increase in
generic E. coli from 0 to 2.00 logs. In the present model, microbial
growth during the cutting and deboning process (Gcd) was modelled
using a triangular distribution with parameter values for the
minimum, most likely and maximum growths of 0.0, 0.33 and 2.00
logs, in accordancewith Cummins et al. (2008) and USDA-FSIS (2001).

Trimmings collected from the deboning process are used for the
manufacture of ground beef. They are commonly between 50 and
500 g in size (mTRM), and each trimming is likely associated with a
different carcass. It was necessary to correlate the concentration of the
pathogen on the carcass with the mass of the trim, as it was modelled
per unit area, and an assumption of 0.1–0.5 cm2/g of trim was
considered (AAPG). The packages of trimmings were assumed to be
ground by the retailer and set out for display in packages from 20 000
to 30 000 g (mPKG). The occurrence of the organism in packaged meat
was modelled using a Poisson process (CFGB).

The hamburgers that are consumed in Argentina aremanufactured
both industrially and at home. A study carried out in Argentina by
Quinteros et al. (2008) showed that approximately 50% of the
consumed hamburgers were produced directly in homes from fresh
ground beef and the rest were manufactured in processing plants
(ProdHAM). The growth of E. coli VTEC in home-prepared hamburgers
was modelled using the development in ground beef dispensed in the
butcher's shop. E. coli growth in commercial hamburgers was
modelled using the type of the retail store (supermarkets, grocery
store and butcher's shop) (RSTO), the type of storage (STOR) and the
storage temperature (Trs), based on data published by Quinteros et al.
(2008) (Table 3).

2.2.3. Post-processing
The elapsed time between processing plant departure of fresh

ground beef/hamburger and the time of consumptionwas divided into
two phases. Phase one began when the product left the processing
plant and ended at the time of sale in the retail store (supermarkets,
grocery store or butcher's shop) (Tr). Storage temperatures between 4
and 10 °C with a most likely value of 8 °C (Trs) and maximum time of
96 h before sale were used for this phase (Quinteros et al., 2008). The
second phase began at the time the product was bought at the retail
store and ended at consumption. The storage temperature was
assessment for verocytotoxigenic Escherichia coli in ground beef
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Table 3
Model input parameters: post-processing and consumption.

Variable Description Units Distribution/Model

mTRM Mass of a trimming g Normal(300,100; truncate 50)
AAPG Surface area per gram of trimming cm2/g Uniform(0.1;0.5)
ATRM Average trimming surface cm2 mTRM×AAPG

mPKG Mass of trimmings packaged g Uniform(20000, 30 000)
NTRM Number of trimmings in a package mPKG/mTRM

NCTRM Number of contaminated trimmings in a package Binomial(NTRM, Pc)
CPCT Concentration of E. coli in a package of trimmings Log10CFU/g (NCTRM×ATRM×CCA)/mPKG

CFGB Concentration of E. coli in contaminated FGB log10CFU/g log10(N/mPKG) where N∼Poisson(mFGB×10CPCT)
PFGB Probability of E. coli VTEC in fresh ground beef. Ppct×(1−e−mFGB×Cpct)
ProdHAM Hamburger production Discrete({1;2}, {463;537}) Where 1=house and 2=processing

plant production
Rsto Type of retail Discrete({1;2;3}, {34;13;4})

Where 1=supermarket; 2=grocery store; 3=butcher's shop
Stor Type of retail storage Supermarket: Discrete({1;2}, {11;20})

Grocery store: Discrete({1;2}, {2;5})
butcher's shop: Discrete({1;2}, {3;1})
Where 1=refrigeration; 2=freezing; using
Quinteros et al. (2008) data.

Tr Time on retail display Hours Triangular(4, 48, 96)
Trs Refrigeration retail storage temperature °C Triangular(4, 6, 10)
Stohouse Type of house storage Discrete({1;2}, {9;35}) Where 1=refrigeration; 2=freezing; using

Quinteros et al. (2008) data.
Thouse Refrigeration temperature in house °C Triangular(5, 8, 15)
Psinitial Initial concentration of Pseudomonas spp. log10CFU/g Triangular(1, 1.5, 2) Lasta and Gimeno (1993)
µPseudo Pseudomonas spp. specific growth rate Hours−1 Exp(Normal(−0.4863+(0.1155×(ln(Thouse));0,12)

ΛPseudo Pseudomonas spp. lag phase Hours Exp(Normal(1.568+(−0.33× (ln(Thouse));0,32))

MaxTC Maximum time consumption Days ((Uniform(8,9)−Psinitial)/µPseudo)+ΛPseudo

TChouse Time to consumption Days Uniform(0, MaxTC)
µ Specific growth rate Hours−1 Exp(Normal(−9258+(7,155×(ln(ln(Trs))));0,25))

Λ Lag phase Hours Exp(Normal(10,169+(−2,768×(ln(Trs));0,147))

TMD Theoretical maximum density log10 Triangular(5,uniform(5,10), 10)
Grs Growth during retail storage log10 CFU/g CFGB+(TMD−CFGB)×e(−e(((e(1)×µ)/(TMD− CFGB))⁎(λ− Tr)+1))

Freezer Effect of freezing log10CFU/g If Stohouse=2; Grs=CFGB−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})

K0 Thermal inactivation model: regression coefficient −10.165
K1 Thermal inactivation model: regression coefficient 0.211
ConsPref Cooking preference of the consumers Home: Cumulative(54.4, 68.3, 1,2,3; 0.039,0.0039,0.922)

Commercial hamburger Cumulative(54.4, 68.3, 1,2,3; 0,0.136,0.864)
Where 1=medium-rare; 2=medium; 3=well-done.

Tckh Internal temperature of cooked hamburger °C Medium-rare=Uniform(54.4,58.6)
Medium=Uniform(62.7,65.6)
Well-done=68.3

Ickh Thermal inactivation from cooking log10 CFU/gr. K0+K1 Tckh
Cckh Concentration in cooked hamburger log10 CFU/gr. Grs− Ickh
D Ingested dose of E. coli VTEC CFU D∼Poisson(10 Cckh×mhm)
mh Mass of hamburger ingested g mh∼PERT(60,83,105)
nh Number of hamburgers ingested in a meal Adult: Discrete({0.5;1;2;3;4}, {2;7;27;7;1})

Child: Discrete({0.5;1}, {1;1})
mhm Mass of hamburger ingested in a meal g mh×nh
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dependent upon the type of home storage (Stohouse). A range of 5
to 15 °C was used to simulate storage under refrigeration (Thouse)
(Quinteros et al., 2008). The time to consumption (TChouse) was
modelled using a uniform distribution, where the minimum time to
consumptionwas 0 days (assuming consumptionwithin the same day
as purchased), and the upper limit (MaxTC) modelling was dependent
upon the organoleptic characteristics of the product stored. The
MaxTC in the homewasmodelled as the time required by Pseudomonas
spp. to grow to a level at which it would generate changes in meat
organoleptic characteristics (colour and off-odours) at home refrig-
erator temperatures, selecting values for the maximum growth
rate (μPseudo) and lag-phase (λPseudo) based on data published by Coll
Cárdenas et al. (2008).

However, some ground beef and hamburgers may be frozen during
storage and transportation (Quinteros et al., 2008). A decline in E. coli
VTEC levels between 0 and 3 logs per gram of frozen ground beef was
modelled (Freezer) using laboratory studies on the effects of freezing
on the pathogen level in ground beef (Ansay et al., 1999; Sage and
Ingham, 1998; USDA-FSIS, 2001).
Please cite this article as: Signorini, M., Tarabla, H., Quantitative risk
hamburgers in Argentina, International Journal of Food Microbiology (2
2.2.3.1. Microbial growth. To model the microbial growth during
storage (Grs), four mathematical models (two equations and two
predictive microbiological models) were used for E. coli VTEC in
ground beef under various storage conditions. The equations were
reported by Marks et al. (1998) and by Tamplin et al. (2005) and the
predictive microbial models were the Pathogen Modeling Program
(PMP) and the Growth Predictor (GP). PMP was developed by the
United State Department of Agriculture using one set of equations
reported previously (Buchanan and Klawitter, 1992; Buchanan and
Bagi, 1994, 1997; Buchanan et al., 1993). GP was built by the Food
Standards Agency and the Institute of Food Research in the United
Kingdom, using the equations developed by Baranyi and Roberts
(1994). For each set of equations, the lag phase period (λ) and the
specific growth rate (µ) in a pH range from 5.60 to 6.50 (USDA-FSIS,
2001) and temperatures from 5 to 34 °C (to consider storage at
refrigeration and abuse temperatures) were calculated. After that, the
linear relationship between temperature and the growth parameters
(µ and λ) was calculated. The two linear equations were incorporated
into normal distributions.
assessment for verocytotoxigenic Escherichia coli in ground beef
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Fig. 3. Predicted E. coli VTEC concentration (log CFU/g) throughout the food chain. E.
coli VTEC concentration (log CFU/g) in fresh ground meat, - - - - during retail storage,

during home storage, and after cooking.
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A triangular distribution was used to model the theoretic
maximum density (TMD) at refrigeration temperatures, where the
minimum TMDwas assumed to be 5 logs, the maximum TMD to be 10
logs and the “most likely” TMD to be uncertain but ranging uniformly
from 5 to 10 logs, using the data reported by Lebert et al. (2000),
Marks et al. (1998), and Powell et al. (2004). Finally, the parameters
(µ, λ and TMD) were incorporated into the Gompertz growth
equation, which is a commonly used mathematical model for
predicting the growth of microorganisms at a constant temperature.

2.2.3.2. Thermal inactivation. The log reduction in concentration
due to cooking was modelled as a function of the final internal
hamburger temperature (Tckh). E. coli VTEC thermal inactivation was
estimated using a linear model provided by Juneja et al. (1997). The
internal temperature of a cooked hamburger was assumed to depend
upon the cooking preference of the consumers and was based on
consumer survey data in Argentina (Quinteros et al., 2008). These
authors reported the proportion of consumers who preferred
hamburgers cooked medium rare, medium and well done in the
Province of Santa Fe (Argentina). Each cooking preference was related
with an internal temperature, using the approach reported by Jackson
et al. (1996) (Table 3).

2.2.4. Consumption
The ingested dose (D) is a function of the E. coli VTEC in the

hamburger at the time of consumption and the mass of hamburger
ingested in a meal (mhm). The hamburger mass (mh) was assumed to
be PERT distributed with a “most-likely” value of 83 g and minimum
and maximum values of 60 g and 105 g, respectively. The amounts of
hamburger ingested (nh) by adults and children were modelled using
data reported by Quinteros et al. (2008).

2.3. Dose–response assessment

Children under 5 years old and elderly people have an increased
probability for severe outcomes, including HUS and mortality
following infection. However, our study considered that the suscep-
tible population had a similar vulnerability to illness following
ingestion of E. coli VTEC due to the lack of specific dose–response
equations for each subpopulation. Our study incorporated a Beta-
Poisson dose response model reported by Strachan et al. (2005),
which uses E. coli O157 outbreak data and data from published
studies; it assumes a non-threshold level of illness (Table 4).

The severe outcome probability was assumed to be some fraction
of the probability of illness. For children under 5 years of age, Noris
and Remuzzi (2005) estimated that the HUS probability (PHUS) is 3–9%
and using information provided by the Argentinean Epidemiology
Surveillance System, Rivas (2006) reported an HUS-induced mortality
of 2.2–4.8% (Pmort) in Argentina between 1995 and 2004. For the
elderly, the HUS mortality rate was assumed to be 12% (Cassin et al.,
1998).
Table 4
Dose–response assessment.

Variable Description Distribution/Model

Pe Probability of exposure to
E. coli VTEC

P(DN0)=PFGB×(1−e−10 Cckh×m
hm)

Pdr Beta-Poisson model 1− [1+D/β]−α

α Beta-Poisson parameter 0.0571
β Beta-Poisson parameter 2.2183
Pi Probability of illness Pdr×Pe
PHUS|i Probability of HUS given illness Uniform(0.03,0.09)
Pmort|HUS Probability of mortality given HUS Child: Uniform(0.022,0.048)

Adult: 0.12
PHUS Probability of HUS PHUS|I×Pi
Pmort Probability of mortality Pmort|HUS×PHUS
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2.4. Risk characterisation

Risk characterisation is the estimation of the probability of
occurrence and severity of adverse health effects in a given population
based on hazard characterisation and exposure assessment. The
number of E. coli VTEC in a meal was estimated using the predictions
of the exposure assessment, and it was the input for the dose–
response model. Thus, the probability of illness was the product of the
probability of non-zero exposure and the probability of illness from
the output of the Beta-Poisson dose–response model.

3. Results

The amount of E. coli VTEC that a consumer was exposed to in a
single serving of hamburger was a function of the original number of
E. coli VTEC in the cattle carcass and the subsequent effects of storage,
handling and cooking on the growth or decline in the pathogen
number (Fig. 3). In fresh ground meat, the average concentration of
the pathogen per kg of meat was 3.89 CFU. The number of bacteria
increased during distribution and home storage, reaching a microbial
concentration of 51.28 CFU/kg hamburger prior to cooking. Cooking
resulted in a dramatic reduction of microbial load with an average
reduction of 3.75 log CFU (95%CI 1.54–4.24 log CFU). The average
pathogen doses ingested by adults and children were 30.96 CFU/kg
hamburgers and 81.30 CFU/kg hamburgers, respectively. The data
above were for hamburgers containing E. coli VTEC. The model
predicted the prevalence of hamburgers contaminated with the
pathogen to be 1.82% (95% CI; 2.55×10−8% to 14.9%).

Each iteration predicted a probability of illness for a single
hamburger meal (Fig. 4). The range of this probability extended from
10−9 to 2.29×10−3 for adults and from 5.75×10−10 to 9.54×10−4 for
children (95% confidence interval). The distribution depicts the central
tendency of the distribution at risks of 8.12×10−7 and 3.23×10−7 for
adults and children, respectively. The log probability of illness was
chosen as a convenient representation for the probability of risk,
because it was so concentrated near zero that it was not useful to
display on a linear scale. The simulated risk for children under 5 years
of age was the result of a lower exposure to the pathogen, as they
consume fewer burgers (mass) compared to adults. The conditional
probability of E. coli VTEC infection resulting in HUS was 4.6×10−8

(95% CI; 7.41×10−11–1.58×10−4) in adults and 1.8×10−8 (95%CI
3.23×10−11–5.24×10−5) in children. Although the illness probability
assessment for verocytotoxigenic Escherichia coli in ground beef
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Fig. 4. Cumulative probability distribution for the probabilities of illness, HUS and
mortality from a single hamburger meal. Log Probability of illness, - - - - - HUS,
–––– mortality, and chronic renal failure.

Fig. 5. Regression coefficient between the estimated probability of children developing
HUS and the most important predictive factors.
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values were extremely small, the risk was not insignificant and should
be viewed in light of themagnitude of exposure to fully understand the
public health impact. Using the conditional probability ofHUS-induced
mortality, the mean probabilities of mortality for the elderly and
children under age 5 were 5×10−9 (95% CI; 8.91×10−12–1.9×10−5)
and 6.31×10−10 (95% CI; 8.91×10−13–2.29×10−6), respectively.
Chronic renal failure is another potential outcome of E. coli VTEC
infection in children; itsmeanprobabilitywas estimated at 9.33×10−10

(95% CI; 1.58×10−12–2.63×10−6).
The risk of E. coli VTEC infection and its subsequent outcomes was

sensitive to the type of meat storage at home (r=−0.416), slaughter-
house cooling conditions (r=0.240), the bacterial concentration in
the cattle hide (r=0.239), the origin of the hamburger (r=−0.116),
retail storage conditions (r=−0.110) and increases in the pathogen
concentration on the carcass during the cutting and deboning process
(r=0.109) (Fig. 5).

The storage conditions throughout the agri-food chain were
important factors affecting pathogen survival and multiplication and
Please cite this article as: Signorini, M., Tarabla, H., Quantitative risk
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therefore the likelihood of infection. The average probability for a
child to acquire HUS as a result of hamburger consumption was
8.31×10−8 for refrigerated meat storage at home and 8.00×10−9 for
frozen meat storage at home. Therefore, refrigerated meat storage
increases the risk of HUS in a child ten-fold over frozen meat storage.
The lessened risk for HUS can be explained in two ways: frozen meat
storage can prevent E. coli VTEC growth and it has the potential to
reduce the bacterial load, decreasing the ingested dose by approxi-
mately two logs. Similarly, the risk of HUS in a child is significantly
affected by the cooling of carcasses in the slaughterhouses, which can
cause the level of risk to vary between 2.00×10−9 and 1.69×10−7

(95% CI) (Fig. 6).
This risk assessment is distinctive, because approximately half of

the target population eats home-prepared hamburgers. Childrenwere
at a 2.75-fold greater risk for developing HUS after consuming home-
prepared burgers (3.3×10−8) than commercially-prepared burgers
(1.2×10−8) (95%CI 1.37–5.62; pb0.0017). To identify confounding
factors present among the variables that were sensitive to the
likelihood of developing HUS, 1,000 additional iterations were
performed in two simulations, keeping only the home meat storage
conditions (i.e., refrigeration, freezing) fixed. When refrigerated meat
storagewasmodelled, the risk of developing HUS thatwas derived from
the consumption of home-prepared hamburgers was 5.55×10−5 (IC
95%; 5.9×10−8–1.6×10−4), and the risk derived from the consumption
for commercially-prepared hamburgers was 4.77×10−5 (IC 95%;
5.9×10−8–1.6×10−4); no statistically significant differences were
found (pb0.42). When frozen meat storage was modelled, the risk
of developing HUS from home-prepared or commercially-prepared
hamburgers was 2.23×10−6 (IC 95%; 9.62×10−11–1.16×10−6) or
1.24×10−6 (IC 95%; 3.34×10−10–2.77×10−6), respectively; no statis-
tically significant differences were found (pb0.56). Therefore, the
greatest risk of becoming ill by consuming home-prepared hamburgers
derived fromthe storage conditions duringproduction, distribution, and
in the home and not from any intrinsic characteristic of the product.

The pathogen level in the cattle hide was another important factor
that influenced the risk of E. coliVTEC infection. The cattle hide served as
the source of the microorganisms on the carcass and then in the fresh
ground beef and hamburger.When the E. coli VTEC concentration in the
hide was −2.4 log CFU/100 cm2 (5th percentile), the probability of
developingHUSwas9.33×10−10 (95%CI 1.44×10−11–1.02×10−7), but
if the pathogen concentration was increased to 2.61 log CFU/100 cm2

(95th percentile), the probability of developing HUS was 2.23×10−7

(95%CI 4.26×10−10–2.04×10−4) (Fig. 6).
Pathogen growth during the cutting and deboning process had

a strong influence on the likelihood of developing HUS. At this
stage of the process, the risk for a child to develop HUS ranged from
assessment for verocytotoxigenic Escherichia coli in ground beef
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Fig. 6. Spider diagram: relationship between the change in the probability of children
developing HUS and changes in the most important predictive factors. –––– E. coli VTEC
concentration in cattle hide. Slaughterhouse storage temperature. - - - - -
Growth in carcass cutting and deboning. Effect of freezing storage at home.

8 M. Signorini, H. Tarabla / International Journal of Food Microbiology xxx (2009) xxx–xxx

ARTICLE IN PRESS
8.00×10−9 to 4.7×10−8 between the 5th and 95th percentiles of the
microbial rate growth distribution (Fig. 6).

4. Discussion

The quantitative risk assessments for E. coli VTEC infection following
the consumption of hamburgers that have been published to date have
taken into account storage conditions, distribution and consumption
patterns from developed countries like Canada (Cassin et al., 1998),
Australia (Lammerdinget al.,1999), theNetherlands (Nauta et al., 2001),
the United States (USDA-FSIS, 2001) and the Republic of Ireland (Duffy
et al., 2006). All of these models used the same approach, and differed
only in the pathogen prevalence in cattle and the dose–responsemodel.
The probabilities for E. coli VTEC infection, HUS and mortality
following hamburger consumption were estimated by these models at
6.0×10−7–4.6×10−4, 4.2×10−9–4.6×10−5 and 5.9×10−10–2.3×10−6,
respectively.

Our model is the first in Latin America. We considered hamburger
manufacturing, sale, distribution, consumption patterns in Argentina,
and the prevalence of E. coli VTEC in local cattle. One distinctive
characteristic of this population was the habit of eating hamburgers
prepared at home. This has important implications for the risk of
infection, because the supply chain of commercially-prepared ham-
burgers involves transport and retail storage at temperatures lower
than −10 °C, which both prevents microbial growth and reduces the
pathogen concentration. Conversely, when burgers are prepared at
home, they are made from ground beef that has been chilled in a
butcher's shop. Chilling does not prevent microbial growth and results
in an increase in the pathogen content of hamburger. This was
apparent in the sensitivity analysis, in which one of the most
important factors was home storage, and the risk of illness was
estimated to be higher when burgers were refrigerated than when
they were frozen.

In agreement with previously published risk assessments, the risk
of illness was highly correlated with the initial concentration of the
pathogen in cattle. Therefore, risk management should focus on
reducing the microbial load in the rawmaterial. Previous studies have
demonstrated that E. coli O157:H7 is prevalent in cattle faeces and
varies from 0.1% to 53% (Duffy et al., 2006). In the present study, the
average prevalence of pathogenic strains of E. coli VTEC was 21%.

In our study, the risk of infection and the subsequent development
of HUS was not sensitive to the internal temperature of cooked
hamburgers, as has previously been reported (Cassin et al., 1998;
Please cite this article as: Signorini, M., Tarabla, H., Quantitative risk
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Duffy et al., 2006; Lammerding et al., 1999). However, this does not
mean that the microbial load and the risk of illness are not reduced at
this stage; instead, it reflects the large percentage of the target
population that prefers to eat hamburgers well done. For that reason,
the process presented a low variability and did not alter the final
estimate of risk.

The absence of local information on the E. coli VTEC counts on
bovine hides and carcasses was recognised as one of the most
important limitations of this model. Similar practices and equipment
are used for cattle slaughtering in Argentina as in Europe and the
United States of America. Argentina is an important beef-exporting
country and it must meet the health requirements imposed by
importing countries to introduce its products in the international
markets. Some authors (Lasta and Gimeno, 1993) have reported that
the microbiological meat quality produced by Argentine slaughter-
houses was equal to or lower than those reported in other countries
including Australia, Europe and the United States of America.
Additionally, the distribution for E. coli VTEC counts estimated in
this model (mean=2.3 log CFU/cm2, 95% CI; 0–4.32 log CFU/cm2)
was similar to the contamination levels reported by the USDA
(range=0–3 log CFU/cm2) in beef carcasses produced in U.S.
slaughterhouses (USDA-FSIS, 2001).

In our model, the probability of HUS in adults was higher than in
children. This is in disagreement with the fact that young children
have an increased probability of severe outcomes such as HUS and
death following infection. In Argentina, it was reported that 95% of the
HUS cases were in children under 5 years old (Rivas, 2006). A possible
explanation for this discrepancy is because, following the Cassin et al.
(1998) approach, the susceptible population was assumed to have a
similar vulnerability to illness following ingestion of E. coli VTEC given
the lack of data to separate the susceptible groups. It would therefore
be appropriate to focus only on the probability of HUS reported for
children.

Although the results seem reasonable, there is still room for
improving the model: a) incorporate data from historical records of
storage temperatures during different stages of the process to
incorporate a more accurate representation of the E. coli VTEC
concentration in the hide and carcass into the microbial growth
model, b) improve the assessment of cross-contamination sources, c)
we assumed that there was a homogenous distribution of faeces on
the carcass, but an assumption of some clustering may yield different
results, d) incorporate other variations in the prevalence of the disease
with consideration of seasonal variations and different feeding
systems and e) incorporate information on the initial levels of bacteria
on animal hides in Argentina.

5. Conclusions

The pathogen concentration in the hides of cattle destined to
slaughter was one of the most important factors associated with the
risks for E. coli VTEC infection and HUS. In addition, the temperature
during meat processing and thermal abuse during storage and food
preparation were determinant in the risk for infection and its
subsequent outcomes. These parameters differed depending on the
type of hamburger consumed (commercially- or home-prepared) and
resulted in different risks for illness. This model will enable risk
managers to adopt risk management measures for the appropriate
steps that we have identified in this sensitive analysis with the aim of
reducing the risk for E. coli VTEC infection, especially in those
populations that frequently consume home-prepared hamburgers.
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