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Deliverable 6.5 is related to the development of Task 6.3 (Biologically-based predictive 
models for health risks and economic impact) and more specifically to the first subtask, 
which is already achieved: consolidate models of microbial growth as a function of 
intrinsic environmental factors (e.g. temperature, relative humidity) and extrinsic 
parameters (e.g. entry point in food chain, processing conditions) applicable to the five 
foods of WP1-5. 

An overview of the available predictive models for microbial growth, survival, growth/no 
growth and cross-contamination for the food/risk combinations selected in BASELINE 
project, is provided. A structured approach has been followed to select appropriate 
models for specific food matrices to be further used in a software application.  

Predictive models collected were incorporated into a database built by the 
subcontracted company (Optimum Quality S.L.) together with additional information 
about the project framework. References were subsequently classified according to the 
representativeness of the combinations considered in the BASELINE project. The main 
model types were divided into cardinal, polynomial and stochastic ones. Special 
attention was paid to model`s domain, environmental factors included and validation, 
since this information was considered to be relevant for their further application within a 
food chain step. Along the revision process data gaps have been detected in relation to 
some of the food matrices such as egg powder, hard cheese or apples. These data 
sources are expected to be generated during the next few months and will be used for 
the development of updated predictive models. 
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The pairs predictive models/hazards proposed in Table 1 were collected from scientific 
literature and personal communications. To do that, a formal search was carried out 
utilizing different electronic library catalogues:  

� Science Direct  

� Wiley online library  

� Archimer, Ifrimer�Is institutional repository  

� Revicien  

� Academic Google  

� UCO Data Base  

� Pubmed 

The search for the target microorganisms was based on the following criteria 
(introduced as keywords and related words): Growth, model, survival or inactivation 
(from 1993). 
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Table 1. Found references in scientific literature about predictive models available for the 
specific food/risk combinations considered in BASELINE 

 
WP1.Seafood: 


 
 

MICROORGANISM Found references 1st evaluation 2nd evaluation 
Listeria  spp. 17 10 7 
Vibrio spp. 4 3 3 

WP2.Eggs:    
MICROORGANISM Found references 1 st evaluation 2 nd evaluation 
Salmonella spp. 18 9 4 

WP3.Milk and dairy products:  
MICROORGANISM Found references 1 st evaluation 2 nd evaluation 
Listeria  spp. 21 11 7 

WP4.Meat products:    
MICROORGANISM Found references 1 st evaluation 2 nd evaluation 
Campylobacter 8 8 6 
Salmonella  spp. $
 $
 6 
Listeria  spp. 4 4 4 
E. coli O157:H7 7 7 7 

WP5.Plant products:    
MICROORGANISM Found references 1 st evaluation 2 nd evaluation 
Salmonella  spp. 12 5 4 

Listeria  spp. 18 5 5 

E. coli O157:H7 7 6 6 

 

Overall, more than 100 scientific references meeting the proposed requirements in 
Table 1 were analyzed. These selected scientific references were studied concerning 
type of model, material and method and food matrix and target microorganism. Based 
on a previous analysis, references were subsequently classified according to the 
representativeness of the combinations considered in the BASELINE project. Since a 
lack of information regarding available models for some categories was found, a new 
category was defined including predictive models in equivalent or similar food matrices 
and broth-based predictive models. 

������������������������

With the aim of selecting suitable models for software implementation, selection criteria 
were previously defined. The criteria were established on the basis of good 
performance, source reliability, validation for the proposed combination food matrix and 
hazard, data accessibility and easy implementation in software.  

To speed up the implementation process in further steps, only published studies 
including secondary models were collected and analyzed. Among the types of 
secondary model, cardinal models, based on parameters with biological meaning, were 
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chosen instead of other models since they can be more easily implemented in the 
software application. Besides, they can be extended to new environmental factors. 
These kinds of models combine information from broth-based and food-based models 
and can be validated in different types of food. 

�������������������

The selected secondary predictive models were implemented in an Excel spreadsheet 
according to a predefined structure intended to present coefficients values from each 
model. To do that, the spreadsheet was split up into various columns, each one 
corresponding to a specific variable of each type of model. The spreadsheet classified 
the secondary models into three main types in order to facilitate data interpretation. 
Each model was implemented in the database with an extra field, named model 
domain (defined as the range of application that can be used from a given predictive 
model). This is because generally the application of regression models is only possible 
in the model domain where data were generated for building model. 

- The first type of models corresponded to cardinal models , which are based on 
coefficients with biological meaning such as minimum/maximum/optimum temperature, 
pH, water activity (aw) and other environmental factors. The most representative 
models for this category are the Gamma model and the Cardinal  model itself. The 
square-root model or Ratkowsky  model is included in this category since it considers 
the parameter minimum and maximum temperature for growth. This is represented by 
the coefficients b and c, respectively. 

- The second category included in the spreadsheet database corresponded to 
Polynomial  models, which could be derived from both non-linear and linear regression 
processes. These were included in multiple columns, each of them representing one 
single effect in the polynomial equation. Since there are multiple models considering 
different factors and combined effects, a large number of columns were needed.  

- The third category of model corresponded to Stochastic  models, which do not 
present a deterministic form as previous categories. These models are based on 
probability distributions, which describe either kinetic parameters or microbial 
responses to environmental factors. In particular, those models are more often applied 
to describe bacteria transfer since this kind of phenomenon is not well known, and 
there are multiple factors influencing cross contamination whose magnitude and type of 
relationship are not yet known. In those cases, descriptive statistics of the data set 
used for the probability model or distribution parameters are provided. In order to 
facilitate handling and navigation each food category was established in separate 
sheets. 

������������������� ��!�������

Given the high complexity of the analyzed models, the predictive model Database was 
extended in order to implement as many models as possible. Table 2 shows a 
summary of the compiled database models divided in "Seafood"; "Eggs"; "Milk and 
dairy products"; “Meat products” and “Plant products”. The main purpose of this 
database is to have a dynamic feedback from BASELINE partners thus allowing the 
incorporation of new models and/or data. 
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Table 2. A representative sample of predictive models collected for the food/risks combinations selected in BASELINE 

MICROORGANIS
M 

FOOD MATRIX MODEL 
FACTORS/MODEL 

DOMAIN 
PRIMARY MODEL 

SECONDARY 
MODEL 

REFERENCE 

 
Listeria 

monocytogenes 

"Gravad" 
Salmon 

Cross 
contamination 

Inoculation level/ 
Temperature 

Exponential model - Aarnisalo et al., 2007 

Listeria 
monocytogenes 

Cold-smoked 
salmon 

Growth T( 2-25ºC) Logistic equation Ratkowsky 
Giménez and 

Dalgaard., 2004 
Listeria 

monocytogenes 
Cold-smoked 

salmon 
Growth T(-3.5 - 5ºC) Baranyi Ratkowsky Cornu et al., 2006 

Listeria 
monocytogenes 

Cold-smoked 
salmon 

Growth T(15-30ºC) 
Lag exponential 

model 
Ratkowsky 

Delignete-Muller et al., 
2006 

Listeria 
monocytogenes Salmon 

Inactivation/Sur
vival 

NaCl (0-6%); Phenol 
(0.5-15ppm); T (40-

55ºC) 
Lineal 

Quadratic 
equation 

Hwang et al., 2009 

Vibrio 
parahaemoliticus Oyster Growth T(10-30ºC) 

Modified Gompertz 
Equation 

Davey/Ratkowsk
y 

Yoon et al., 2008 

Vibrio 
parahaemoliticus 

Broth sistem 
(validated in 

oyster) 
Growth T (281.8-328.5);aw 

(0,936-0.998) 
Gompertz function Ratkowsky Miles et al., 1997 

Salmonella spp. Pasteurized 
yolk 

Inactivation/Sur
vival 

T (58-66ºC) Spline equation 
Polinomial 
equation 

Jordan et al., 2010 

Salmonella spp. Shell eggs Growth T (10-30ºC)/ NaCl=0,5% 
Response surface 

model 
Polinomial 
equation 

Latimer et al., 2002 

Salmonella spp. Liquid whole 
egg 

Growth T (5-47ºC) Baranyi Ratkowky Singh et al., 2011 

Salmonella spp. Egg yolk Growth T (10-43ºC) Baranyi Ratkowky 
Gumudavelli et al., 

2007 

�
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Table 2. Continued 

MICROORGANISM 
FOOD 
MATRIX MODEL 

FACTORS/MODEL 
DOMAIN PRIMARY MODEL 

SECONDARY 
MODEL REFERENCE 

 
Listeria 
monocytogenes 

Pasteurized 
milk 

Growth T( 1,5-16ºC) Baranyi Ratkowsky 
Xanthiakos et al., 
2006 

Listeria 
monocytogenes 

Skimmed milk 
(validated in 
cheese) 

Growth 
pH(4.5-7.5); T(3-35ºC); 
NaCl (0-8%) 

Gompertz function 
Polinomial 
equation 

Murphy et al., 1996 

Listeria 
monocytogenes 

Camembert 
cheese 

Growth pH(); moisture content() Baranyi 

Polinomial 
equation, pH and 
moisure content 
being other 
equations. 

Liu and Puri, 2008 

Listeria 
monocytogenes 

Greek soft 
cheese 

Growth T(5-20ºC) Geeraerd  
Second order 
polynomial 

Mataragas et al., 
2008 

Listeria 
monocytogenes 

Smeared 
cheese 

Growth T; aw; pH; lactic acid. Logistic Model  Cardinal model  
Schvartzman et al., 
2011 

Campylobacter jejuni Chicken meat Survival T (-2/4ºC) 
Modified Gompertz 
Equation 

- 
Sansalone et al., 
2009 

Campylobacter 
jejuni/coli Broiler meat Survival T (-20/4ºC) Weibull - Oyarzabal et al., 

2010 
Listeria 
monocytogenes Growth 

Ground 
pork 

pH (5.6-6.2); aw (0.950-
0.970) 

Rosso Cardinal model  Zuliani et al., 2006 

Salmonella spp. Growth/surviv
al 

Pork meat 
T (0-30ºC); pH (2.5-7.0); aw 
(0.78-1) 

Baranyi 
Ratkowsky/Polyno
mial 

Pin et al., 2011 

Listeria 
monocytogenes/Sal
monella spp.; E. coli 
O157:H7 

RTE lettuce Growth T (5-25ºC) Baranyi Ratkowsky 
Koseki and Isobe, 
2005 
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E. coli O157:H7 Leafy 
vegetables 

Growth/sur
vival 

T (7-25ºC) Three-linear phase Ratkowsky McKellar and 
Delaquis, 2011 

�
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Optimum Quality, S.L., which is a technology-based company offering innovative 
solutions to the food sector concerning Food Quality and Safety and R+D activities, 
has assisted the project by performing an extensive literature review about available 
predictive models together with the development of a software tool (Deliverable 6.6). All 
information generated in this deliverable has been uploaded to the web-based platform 
(http://baseline.optimumquality.es/user) in order to enhance results communication. In 
this web-site, Optimum Quality shows a broad view about the aim of the Baseline 
project and its framework as well as all the targeted models (Fig. 1, 2, 3). Scientific 
articles containing the selected models are included in a reference manager system 
with links to full text. These are featured with keywords and included in the predictive 
models Database (Fig. 4). All information can be directly downloaded, or visualized in 
the web-site. 

 

 
Fig. 1. Optimum Quality Web site. Home page 
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Fig. 2. Optimum Quality Web site. Framework of the BASELINE project 

 

 
Fig. 3. Optimum Quality Web site. Predictive models collected 



 

 

 
 
 

BASELINE -  www.baselineeurope.eu  

Project funded under the Food, Agriculture and Fisheries and 
Biotechnology theme (KBBE)   
 

 
Fig. 4. Optimum Quality Web site. Scientific literature database 
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Listeria monocytogenes (L. monocytogenes) is a problematic bacterium for the fish 
processing industry. It is ubiquitous and causes listeriosis, a serious illness, especially 
for people belonging to higher risk groups such as the very young, old, pregnant, or 
immune compromised. 

‘Gravad’ (i.e. cold-salted) and cold-smoked salmon have been associated with L. 
monocytogenes, and being considered as high risk products because they are usually 
prepared as ready-to-eat (RTE). 

#���!��"������������"��!������������
The microbial ecology of L. monocytogenes in fishery products and its description by 
predictive models provides a powerful tool to aid the exposure assessment phase of 
“Quantitative Microbial Risk Assessment, QMRA”. Ross et al. (2000) identified the 
available data and models describing the growth/death rates, and growth limits of L. 
monocytogenes in seafood products including some factors like temperature, pH, 
organic acid concentration, and aw, with particular emphasis on the behavior of L. 
monocytogenes in cold-smoked salmon products.  

The evaluation of predictive microbiology growth models includes a comparison 
between predicted growth responses with those observed in food. The performance of 
six predictive models for growth of L. monocytogenes, was evaluated by Mejholm et al. 
(2010) including five cardinal parameter/square-root type plus one artificial neural 
network model. The performance of the growth models was closely related to their 
complexity i.e. the number of environmental parameters they take into account. The 
most complex model included the effect of nine environmental factors and it performed 
better than other less complex models both for prediction of maximum specific growth 
rates (� max values) and for the growth boundary of L. monocytogenes.  

Specific spoilage organisms that actually cause sensory spoilage have been identified 
for only a few lightly preserved seafood products. Nevertheless, lactic acid bacteria 
(LAB) are often isolated and described as the dominating microflora of lightly preserved 
seafood that can inhibit growth of L. monocytogenes through a phenomenon called the 
Jameson effect. Giménez and Dalgaard (2004) showed how secondary predictive 
models can be expanded by merging terms from existing models. They evaluated and 
modelled the simultaneous growth of L. monocytogenes and spoilage microorganisms 
in cold-smoked salmon. Temperature (2-25ºC), aw/NaCl, simultaneous growth of LAB, 
smoke components and to a lesser extent lactate and pH, controlled the growth of L. 
monocytogenes in sliced and vacuum-packed cold-smoked salmon. The model 
parameters were obtained from the work of Cornu et al., (2006). 

Mejlholm and Dalgaard (2007) developed a cardinal parameter model to predict the 
effect of diacetate, lactate, CO2, smoke components (phenol), pH, NaCl, temperature, 
and the interactions between all parameters on the growth of LAB in lightly preserved 
seafood. Interaction between LAB and L. monocytogenes was predicted by combining 
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the developed LAB model and an existing growth and boundary model for the 
pathogen. The performance of the existing L. monocytogenes model was therefore 
improved by taking into account the inhibitory effect of microbial interaction with LAB. 

Salting and smoking are ancient processes for fish preservation. Cornu et al. (2006) 
studied the effects of salt and phenolic smoke compounds on the growth rate of L. 
monocytogenes in cold-smoked salmon through physico-chemical analyses and 
challenge tests on surface of cold-smoked salmon at 4ºC and 8ºC A comparison was 
further performed with literature data. Estimated growth rates were compared to 
predictions of existing secondary models, taking into account the effects of 
temperature, water phase salt content, phenolic content, and additional factors (e.g. 
pH, lactate, dissolved CO2). The selected primary model was the Baranyi without lag 
phase. The secondary model proposed by Devlieghere et al. (2001) and subsequently 
modified by Giménez and Dalgaard (2004), was selected. However, further research 
would be required to understand all effects affecting the growth of L. monocytogenes in 
cold-smoked salmon and to obtain fully validated predictive models for use in QMRA. 

The separation of uncertainty and variability of model parameters is recommended in 
risk assessment. In relation to this, Delignette-Müller et al. (2006) presented an attempt 
to use a Bayesian approach to model variability and uncertainty separately of microbial 
growth within a QMRA framework. The chosen model described the effect of time and 
temperature (between 15 and 30ºC) on bacterial growth. The selected primary model 
was a lag exponential model, while the secondary model was a square-root model 
(Ratkoswky type). A Bayesian approach similar to that proposed by Pouillot et al. 
(2003) was used to estimate the variability and uncertainty of growth parameters from 
both literature data and experimental data. The growth of the food flora of cold-smoked 
salmon was also modelled by the same method. The results obtained for both models 
could be used to predict the simultaneous growth of L. monocytogenes and food flora 
in cold-smoked salmon with a competitive model. 

Couvert et al. (2010) studied the distribution of contamination of L. monocytogenes in 
foods throughout the shelf-life. They developed a bacterial growth model using a 
stochastic approach including the following factors as main sources of variability: the 
initial contamination, the biological parameters such as cardinal values and growth 
parameters, the individual cell behaviour, the pH and aw of food as well as portion size, 
and the storage temperature (4 and 8ºC). The logistic model was selected as primary 
model while a cardinal model proposed by Rosso et al. (2005) was selected as 
secondary one. Simulated distributions of contamination were compared to observed 
distributions obtained in salmon. This model seems to be relevant to take into 
consideration for growth prediction of L. monocytogenes in smoked salmon.  
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Fig. 5. Predicted growth of L. monocytogenes in smoked salmon at different storage temperatures (5-

20ºC). The model was obtained from Cornu et al. (2006).  
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Smoked salmon is a RTE product that can be contaminated by L. monocytogenes if not 
properly processed. Hwang et al., (2009) developed a model to describe the survival of 
L. monocytogenes in salmon as affected by salt (0%, 2%, 4%, and 6%), smoke 
compound (phenol) (0, 5, 10, and 15 ppm phenol), and smoking process temperature 
(40, 45, 50, and 55ºC). A linear model was selected as a primary model while an 
exponential regression model was developed as a secondary model closely describing 
the inactivation rates of L. monocytogenes as affected by the individual and combined 
effects of different factors. Temperature was the main factor governing L. 
monocytogenes inactivation while salt and phenol contributed as additional inactivation 
effects. The predictive model can be used by seafood manufacturers to appropriately 
select salt / smoke concentrations and alternative smoking process temperatures, 
ranging from 40 to 55ºC in order to minimize the presence of L. monocytogenes in 
smoked seafood. 

Mejholm and Dalgaard (2007) also studied the effect of different factors on the L. 
monocytogenes growth. They developed a mathematical model that included the effect 
of diacetate, lactate, CO2, smoke components, nitrite, pH, NaCl, temperature, and 
interactions between all these parameters to predict the growth boundary of L. 
monocytogenes in lightly preserved seafood. The model facilitates the identification of 
product characteristics required to prevent the growth of L. monocytogenes, thereby 
making it possible to identify critical control points. 

The transfer of L. monocytogenes from an inoculated slicing blade to slices of 'gravad' 
salmon, and from inoculated salmon fillet to the slicing machine and subsequently to 
slices of non inoculated fillets was studied by Aarnisalo et al. (2007). The effect of 
slicing temperature (0ºC, 10ºC and room temperature), inoculum level (approx. 3, 5 
and 8 log CFU/blade), and attachment time of inoculum to blade (10 min and 2.5 h) 
were investigated and predictive models of the transfer were produced. There was a 
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progressive exponential reduction in the quantity of L. monocytogenes transferred. 
Based on the statistical parameters, an exponential model was fitted to the data from 
different test conditions to predict the number of L. monocytogenes on the salmon 
slices. The predictive models described here can assist salmon processors and 
regulatory agencies in assessing cross-contamination from contaminated slicing 
machines to product and in designing risk management strategies. 
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Fig. 6. Relationship between treatment temperature (ºC) and inactivation rate (log CFU/h) in hot-smoked 

salmon against L. monocytogenes. The model was obtained from Hwang et al. (2009) 

'����������!���"��!�
Vibrio parahaemolyticus is recognized as the leading cause of human gastroenteritis 
associated with the consumption of seafood, due to the fact that is naturally present in 
inshore marine waters in which oysters are grown and harvested throughout the world. 
Consequently, illness as a result of V. parahaemolyticus consumption is often 
associated with the consumption of raw or undercooked seafood, especially raw 
oysters. 

In Japan, Vibrio parahaemolyticus has been confirmed as the cause of up to 75% of 
food poisoning outbreaks in the summer months and it is also recognized as the 
leading cause of human gastroenteritis associated with seafood consumption in the 
United States. 

#���!�����������������"�'����������!���"��!��
High pressure processing is a nonthermal technology that may cause only minor 
deleterious changes to sensory and nutritional characteristics of foods, but it can 
effectively eliminate or substantially reduce spoilage microorganism. Koo et al. (2006) 
conducted a series of inactivation studies for V. parahaemolyticus and Vibrio vulnificus 
in phosphate-buffered saline (PBS) and in inoculated oysters under high-pressure 
processing conditions. V. parahaemolyticus was more resistant than V. vulnificus in 
PBS at all tested pressures and times. The results of this study indicated that high-
pressure treatment is effective for reducing populations of V. parahaemolyticus and V. 
vulnificus. The longer pressure come-up times in this study did not significantly shorten 
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processing times required to destroy V. parahaemolyticus or V. vulnificus compared 
with results obtained in other studies.  

The growth kinetics of pathogenic and nonpathogenic V. parahaemolyticus in broth and 
oyster slurry was study by Yoon et al. (2008). The growth of V. parahaemolyticus in 
broth and oyster slurry fit well to a modified Gompertz equation (broth R2 0.99; oyster 
slurry R2 0.96). The lag time, µmax, and maximum population density (MPD) of each 
primary model were compared. The Davey and square-root models were identified as 
appropriate secondary models for predicting the lag time and µmax, respectively. The 
growth of nonpathogenic V. parahaemolyticus was found to be faster than the 
counterpart pathogenic V. parahaemolyticus, regardless the model medium. When 
compared to microbial growth in broth, V. parahaemolyticus was delayed in oyster 
slurry, and growth was not observed at 10 or 15ºC. The models generated provide a 
reliable and safe prediction of V. parahaemolyticus growth. 

Gooch et al. (2002) determined the effects of postharvest storage at 26ºC and 3°C on 
the growth and survival of naturally occurring V. parahaemolyticus in shellstock 
American oysters. This study indicated that V. parahaemolyticus can grow rapidly in 
unrefrigerated oysters because after harvesting V. parahaemolyticus multiplied rapidly 
in live oysters held at 26°C, showing a 50-fold inc rease at 10 h and a 790-fold increase 
at 24 h. However it showed a 6-fold decrease after approximately 14 days of 
refrigeration.  

���������������  ���

Salmonellosis is a major cause of food-borne illness worldwide and an important public 
health issue in most of the industrialized countries. The U.S. Centers for Disease 
Control (CDC) estimated 1.3 million illnesses, 15000 hospitalization, and 50 deaths 
from salmonellosis in the United States annually.  

The most common cause of foodborne Salmonella Enteritidis (S. Enteritidis) infection is 
the consumption of contaminated grade A shell eggs, and this is now considered a 
significant public health concern. 

#���!����������������"����������������!�����  �( �
Shoeni et al. (1995) studied the growth of S. Enteritidis, Salmonella Typhimurium and 
Salmonella heidelberg, inoculated into yolks and albumen, at 4, 10 and 25 °C. 
Populations of all strains increased 3 logs or more in number in 24 h when incubated at 
25°C, and in a lesser extent at 10°C. Those strains  inoculated into eggs stored at 4°C 
grew sporadically.  

Results of this study indicated that S. Enteritidis, S. Typhimurium or S. heidelberg 
present in caeca can penetrate to the interior of eggs and grow during storage. 

Moreover, Grijspeerdt (2001) developed a model for the penetration of S. Enteritidis in 
eggs based on simultaneous transport and growth in the egg yolk, the albumen and the 
eggshell. Bacterial growth was modelled according to the Baranyi model. Approximate 
parameter values were obtained by comparing model output with literature data for S. 
Enteritidis. The model output was illustrated by simulations showing the influence of the 
external shell concentration on the breakthrough through the egg shell. 
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#���!��"� ������	��� �����!�����  ������� ����� ��
In order to describe the growth of S. Enteritidis in whole eggs, Latimer et al. (2002) 
developed a primary and secondary model by combining two mathematical equations 
describing both the extended lag phase of S. Enteritidis growth (food component) and a 
S. Enteritidis growth model (pathogen component) taking into account the temperature 
(10-30ºC) and the salt concentration (0.5%). This biphasic growth model was then 
applied to various egg handling scenarios based on the farm-to-table continuum, 
including in-line and off-line processing facilities with consideration of key events in 
production, processing, transportation, and storage. Seasonal effects were also 
studied. The model estimated that, in most cases, there was no S. Enteritidis growth in 
contaminated eggs handled under most likely practices, because the yolk membrane 
remained intact. The results of this study suggest that, for maximum reduction of S. 
Enteritidis exposure level, cooling strategies should not only focus on the on-farm or 
processing phases, but should emphasize the importance of cooling strategies at the 
distribution and consumer phases of the farm-to-fork continuum. 

$�����������"� ������	��� ������ ����)�� ��������
Grijspeerdt and Herman (2003) developed a series of inactivation curves for S. 
Enteritidis for boiling eggs using different conditions of time and temperature. No 
significant influence of egg weight could be found on the temperature evolution in the 
yolk. The inactivation curves consistently showed an initial slow decline in bacterial 
number at lower temperatures, after which a very rapid inactivation took place. It was 
not possible to reproduce this behaviour using a traditional inactivation model. A 
pragmatic model existing in two parts was therefore constructed. The statistical 
properties of the calibrated model were satisfactory, and a cross-validation shows that 
it can be used for egg boiling conditions outside its calibration range 

*���������������������+�����  ����������
It is very important to maintain the eggs at sufficiently low temperatures to minimize the 
potential risk of S. Enteritidis growth if the product were contaminated initially. 
Mathematical models that describe the behaviour of microorganisms under the 
influence of various environmental factors could be very useful to evaluate the potential 
risk of S. Enteritidis growth and the resulting safety status of the product involved in the 
process deviations. Singh et al. (2011) developed a dynamic model for the growth of 
Salmonella spp. in liquid whole egg (LWE) under continuously varying temperature. A 
primary model (Baranyi model) was fitted for each temperature growth data (5, 7, 10, 
15, 20, 25, 30, 35, 37, 39, 41, 43, 45, and 47ºC) and corresponding maximum growth 
rates were estimated in LWE and adjusted to pH 7.8. No growth was observed from 
experimental data at 7 and 45ºC. Pseudo-R2 values were greater than 0.97 for primary 
models. A modified Ratkowsky model was used as secondary model. The pseudo-R2 
and root mean square error were 0.99 and 0.06 respectively for the secondary model. 
The developed dynamic model was validated for 2 sinusoidal temperature profiles, 5 to 
15ºC (for 600 h) and 10 to 40ºC (for 52 h) with corresponding root mean squared error 
values of 0.28 and 0.23, respectively. The developed dynamic model can be used to 
predict the growth of S. Enteritidis in LWE under varying temperature conditions. 
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Gumudavelli et al. (2007) developed predictive models for the growth of S. Enteritidis in 
egg yolk under varying ambient temperature conditions (10, 15, 20, 25, 30, 35, 37, 39, 
41, and 43ºC). The Baranyi model was fitted to growth data at each temperature and 
corresponding µmax were estimated. Root mean square errors were less than 0.44 and 
pseudo-R2 values were greater than 0.98 for the primary model fitting. For developing 
the secondary model, the estimated µmax were then modelled as a function of 
temperature using the modified Ratkowsky equation (Fig. 7). The RMSE and pseudo-
R2 were 0.05 and 0.99, respectively. The integrated dynamic model was then validated 
with 4 temperature profiles The predictive model can be used to evaluate risk of S. 
Enteritidis growth in case of temperature abuse during shell egg cooling, storage and 
distribution. 

 
Fig. 7. Fitting of growth data (5max: log UFC/h) at different temperatures (ºC) to the Ratkowsky secondary 

model. The model was obtained from Gumudavelli et al., (2007) 

To study the inactivation of S. Enteritidis, Jordan et al. (2010) developed a general 
model of inactivation of Salmonella in commercial liquid egg yolk for temperatures 
ranging from 58º C to 66º C by studying the inactivation kinetics of three serovars of S. 
Enteritidis in liquid egg yolk (Fig. 8). The primary model was the Spline equation 
obtained from Juneja et al., (2001) including lag and inactivation rate. The secondary 
model was based on nonlinear inactivation kinetics describing shoulder time and 
asymptotic D-Value. This model can help processors to design their pasteurization 
systems to ensure production of microbial safe liquid egg yolk product. 
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Fig. 8. Predicted treatment times (min) to achieve given lethality at fixed temperatures (ºC). The model was 

obtained from Jordan et al., (2011) 

The effects of variations in atmospheric CO2 concentrations (aerobically stored, flushed 
with CO2 and sealed, or bubbled with CO2) on the survival and growth of S. Enteritidis 
in liquid egg products including whole egg, albumen, yolk, and albumen +1% yolk was 
determined by Gurtler and Conner (2009). Results of this investigation suggested that 
increasing atmospheric CO2 to enhance egg quality should not promote the growth of 
S. Enteritidis in eggs. 

�  ��������
No predictive models have been developed to study the growth or inactivation of S. 
Enteritidis in egg powder. However, June and Beuchat (1999) determined if a four-
strain mixture of multidrug-resistant Salmonella Typhimurium definitive type 104 
(DT104) cells and a four-strain mixture of S. Typhimurium non-DT104 cells differed in 
ability to survive in whole egg powder, whole egg powder supplemented with corn 
syrup solids (38%) and salt (1.9%), egg yolk powder, and egg white powder as affected 
by aw (0.29�=0.37 and 0.51�=0.61) during storage at 13 or 37ºC for 8 weeks. Inactivation 
rates of S. Typhimurium DT104 and non-DT104 cells were similar within each set of 
tested parameters.  

��������������)�������������������

L. monocytogenes is of considerable concern to milk processors due to its presence in 
raw milk supplies and greater heat resistance relative to other food-borne pathogens. 
While there is general consensus that L. monocytogenes does not survive proper 
pasteurization, survival of this pathogen during treatments is enhanced by prior 
exposure to environmental stress and recovery improved by thorough resuscitation 
techniques. 

Commercial cheese correctly manufactured with pasteurized milk and lactic starter 
cultures has a well deserved reputation as a nutritious and safe product. However, 
under certain circumstances cheese may support the growth of food poisoning bacteria 
or serve as a ‘vehicle’ for their transmission. L. monocytogenes is particularly 
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significant since it can grow/survive for long periods in cheese and cause serious 
illness or even death.  

�������� ���������"�  ���	��� �������)�
Chhabra et al. (1999) determined the effects of milk fat (0%, 2.5%, 5.0%), pH (5.0, 6.0, 
7.0), and processing temperature (55°C, 60°C, 65°C)  on the thermal resistance of L. 
monocytogenes in a formulated and homogenized milk system. A regression model for 
the Gompertz equation was generated to predict the logarithmic surviving fraction of L. 
monocytogenes based on all 27 treatments and their single and interactive effects.  

Validation of the model suggested that the predictions are best suited for processing 
above 62 °C. 

There are some studies that have developed dynamic models for predicting L. 
monocytogenes growth in pasteurized milk. In relation to this Xantiakos et al. (2006) 
developed and validated a dynamic model for predicting L. monocytogenes growth in 
pasteurized milk stored at both static and dynamic temperature conditions, from 1,5 to 
16ºC. The prediction of growth at dynamic storage temperature was based on the 
square-root model in conjunction with the differential equations of the Baranyi and 
Roberts model, which were numerically integrated with respect to time. This study 
showed that available models from experiments conducted in laboratory media may 
result in significant overestimation of L. monocytogenes growth in pasteurized milk 
because they did not take into account factors such as milk composition and 
interactions of the pathogen with the natural microflora. The product-targeted model 
developed in this study showed a high performance in predicting growth of L. 
monocytogenes in pasteurized milk under both static and dynamic temperature 
conditions. 

#���!���������"�������������!���� 

The persistence of L. monocytogenes during storage at different temperatures (5ºC, 
10ºC, 15ºC, and 20°C) in Katiki Domokou cheese (sof t cheese) has been studied by 
Kagkli et al. (2009). The results suggested that strain survival of L. monocytogenes 
was temperature dependent since different strains predominated at different 
temperatures. 

Murphy and Rea (1996) described a predictive model based on growth of L. 
monocytogenes in skim milk. Growth curves were individually fitted for the Gompertz 
function using non-linear regression. Descriptors of the curves; lag time; µmax; and 
generation time were calculated and polynomial modes were developed at different pH 
(4.5-7.5), temperature (3-35°C) and salt concentrat ion (0- 8%) values (Fig. 9). The 
selected cubic polynomial model gave acceptable predictive growth estimates. The 
model was further validated in a range of dairy foods including Camembert cheese, 
Cheddar cheese and Cottage cheese. Regarding to Cheddar and creamed Cottage 
cheese, it was not possible to validate the models as the organism failed to growth. In 
Camembert cheese reasonable agreement between observed and predicted µmax and 
generation times was obtained, although predicted values were again biased towards 
faster µmax. Besides, underestimation of lag time values was obtained. 
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Fig. 9. Exponential growth rate (EGR) and Lag time duration (LTD) of Listeria monocytogenes growing in 
skim milk as influenced by temperature, at pH 5.5 and NaCI concentration 4%. 
 

A predictive model representing growth of L. monocytogenes in Camembert cheese as 
a function of pH and moisture content was developed by Liu and Puri (2008) at 
dynamic conditions during ripening. The Baranyi model was chosen as a primary 
model while the secondary model was a multiple regression model including the pH, 
moisture content, and the specific rate values for survival and growth data. 
Experimental data showed a good fit with calculated values at dynamic conditions in 
Camembert cheese. 

��������"�����������"�  ���	��� �����!�����
The physico-chemical and microbiological characteristics of curds and cheeses after 
each processing step as well as during ripening and refrigerated storage were studied 
by Morgan et al. (2001). The results showed that the physico-chemical and 
microbiological characteristics of lactic cheeses caused a decrease of L. 
monocytogenes counts.  However, this decrease did not lead to the complete 
disappearance of the pathogen and L. monocytogenes was able to survive in soft lactic 
cheeses made with raw goat milk. 

Matagaras et al. (2008) studied the survival of L. monocytogenes in the traditional 
Greek soft, spreadable cheese Katiki throughout the shelf life of the product. Samples 
of finished cheese were stored at 5, 10, 15, and 20ºC. The results showed that the 
survival kinetic of the pathogen was biphasic. Various mathematical models were fitted 
to the experimental data. The Geeraerd model was finally selected, and the results 
revealed no acid tolerance acquisition. Secondary modeling (second-order polynomial) 
of the survival rate (of sensitive population) showed that survival of the pathogen was 
temperature dependent with bacterial cells surviving for a longer period of time at lower 
temperatures (Fig. 10). Finally, the developed predictive model was successfully 
validated at two independent temperatures (12ºC and 17ºC).  
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Fig. 10. Modeling of the L. monocytogenes survival (ksens) in function with temperature, using second-order 

polynomial equation. The model was obtained from Matagaras et al. (2008). 

 

The growth of L. monocytogenes during cheese-making and ripening under the 
dynamic conditions of the cheese has been modelled by Schvartzman et al. (2011a). 
No growth of L. monocytogenes occurred during raw milk cheese-making, whereas 
growth did occur in pasteurized milk. During ripening, growth occurred in raw milk 
cheese, but inactivation occurred in pasteurized milk cheese. The behaviour observed 
for L. monocytogenes was modelled using a logistic primary model coupled with a 
secondary cardinal model, taking into account the effect of physicochemical conditions 
(temperature, pH, aw and lactate). A novel statistical approach was proposed to assess 
the optimal growth rate of a microorganism from experiments performed in dynamic 
conditions. The estimated optimum growth rates can be used to predict the fate of L. 
monocytogenes during cheese manufacture in raw or pasteurized milk in different 
physico-chemical conditions. 

#���!���� ���!���������"�  ���	��� �����!�����
The influence of pH, salt, and moisture on growth and inactivation of L. monocytogenes 
was studied by Bolton and Frank (1999) in Mexican-style cheese after 21 and 42 days 
of incubation at 10ºC. They defined a factorial experimental design with four moisture 
contents (42, 50, 55, and 60%), four salt concentrations (2.0, 4.0, 6.0, and 8.0% wt/wt), 
and six pH levels (5.0, 5.25, 5.50, 5.75, 6.0, and 6.5). Binary logistic regression was 
used to develop an equation to determine the probability of growth or no growth for any 
combination within the range of the data set. In addition, ordinal logistic regression was 
used to calculate proportional odds ratios for growth and death for each treatment 
studied.  

Ordinal logistic regression was also used to develop equations to determine the 
probability of growth and death at different food formulations within the model domain. 
Models were validated with independently produced data.  

Schvartzman et al. (2011b) established the growth limits of L. monocytogenes in a 
cheese matrix. A factorial design of five pH values (5.6 to 6.5), four aw values (0.938 to 
0.96), and two L. monocytogenes inoculation levels (1 to 20 CFU/ml and 500 to 1,000 
CFU/ml) was carried out. The data relating to growth initiation were fitted to a logistic 
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regression model. Milk aw influenced the probability of growth initiation of L. 
monocytogenes at both low and high contamination levels. The pH, at the 
concentrations tested, had a lower effect on the probability of growth initiation. This 
study showed that if conditions are favorable for growth initiation at the early stages of 
the cheese-making process, contamination of milk, even with low numbers, could lead 
to L. monocytogenes populations that can exceed 100 CFU/g in cheese. 

	�����������%����������������������������������� ����

	������������������������������
Campylobacter jejuni and C. coli are zoonotic enteric pathogens causing human 
gastroenteritis. Campylobacteriosis in humans is mainly caused by thermotolerant 
strains, which are wide spread in nature. 

According to the last Zoonoses Report by the European Food Safety Authority in 2009, 
the number of confirmed human campylobacteriosis cases in EU increased by 4.0 % in  
2009 compared to 2008 (EFSA, 2011). The increase was also reflected as an increase 
in the overall EU campylobacteriosis notification rate, increasing from 43.9 per 100,000 
population in 2008 to 45.6 per 100,000 population in 2009. 

Foods of animal origin and poultry products are considered as main sources of 
transmission of illnesses. The approximate body temperature of chicken (41ºC to 42ºC) 
contributes to making the chicken an optimum host for C. jejuni (Nachamkin, 1995). 
Nevertheless its survival ability in poultry-by products is of great importance mainly due 
to the very low dose infection levels (Humphrey et al. 2007). 

Most of published models are devoted to study survival and/or inactivation of 
Campylobacter strains as a function of temperature, pH and additional factors such as 
aw, humidity conditions, or presence of organic acids. 

Studies performed on chicken meat showed that C. jejuni population decreased at 
refrigerated storage (4ºC) during one week by 0.81 log CFU/g (Bhaduri and Cottrell, 
2004). In an attempt to reduce contamination and improve the shelf life of broiler 
carcasses, rapid chilling methods have been developed by the poultry industry. 
Performance of survival models such as Weibull has been already implemented at 
different storage temperatures. Oyarzabal et al. (2010) found that the survival of C. 
jejuni and C. coli was similar at -20ºC but lower for C. jejuni than for C. coli at 4 and 
12ºC. However, variation in Campylobacter survival among replicate storage trials was 
high, indicating that the performance of the models can be improved by collecting 
additional data to better define the survival response during storage at temperatures 
from -20 to 12ºC. 
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Fig. 11. Predictions of the Weibull survival model developed by Oyarzabal et al. (2010) for Campylobacter 

jejuni during storage of retail broiler meat at -20ºC, 4ºC and 12ºC 

 

Weibull model predictions were also compared with archived data from ComBase for 
survival of C. jejuni strains that were collected using alternative methods. 

The results obtained demonstrate that survival of C. jejuni and C. coli on raw chicken 
breast meat differs more often than it is similar to published data for C. jejuni survival in 
food matrices. This is in part due to the high variability found in Campylobacter survival 
at low temperatures. Ritz et al. (2007) studied the development of predictive models of 
the survival of C. jejuni at -20ºC in chicken meat and concluded that microbial counts 
varied upon the culture media used, thus making the development of survival models 
difficult. 

In most cases, Weibull model offers a suitable alternative thanks to its high flexibility to 
fit to several primary datasets (Vose, 2000). 

Regarding inactivation treatments during processing, the effect of chlorination of on the 
reduction of C. jejuni in chicken skin was previously studied by other authors (Lillard, 
1993). Yang et al. (2002) used different primary models (logistic type, modified 
Gompertz, exponential and Weibull models) to account for the survival and death of 
Campylobacter on poultry during scalding and chilling phases. 

In their study, secondary models (Davey and response surface) were developed to 
describe the primary parameters as a function of scalding temperature (50ºC to 60ºC), 
water age (0-10h for scalding and 0-8h for chilling), and the chlorine level in chilling 
water (0-50 ppm). A non linear behaviour was assumed because two different 
inactivation rates were obtained.  

Other survival models were developed by Sansalone et al. (2009) to evaluate the effect 
of storage temperature (-2ºC to 4ºC), potassium sorbate concentration (0, 500 and 
1,000 ppm) and packaging in plastic films of different gas permeabilities (low and high 
gas permeability, polyethylene and EVA SARAN EVA) on Campylobacter behaviour in 
chicken meat. The results of this study indicated that potassium sorbate alone or 
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combined with films of different gas permeabilities did not have additional inhibitory 
effect on C. jejuni, which the temperature effect produced. However, the storage 
temperature was effective in inhibiting the microorganism in chicken meat. 

González et al. (2009) extended the temperature range (-20ºC to 25ºC) and developed 
a modified Weibull survival model for Campylobacter in minced chicken meat. A 
comparison with the traditional log-linear model was established. Secondary models 
were built with parameters of primary Weibull model and finally, a simulation modeling 
was done to validate the survival of C. jejuni as a function of time at any temperature 
between �20°C to 25°C. 
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Fig. 12. Predictions of the Weibull survival model developed by González et al. (2009) for Campylobacter 

jejuni 49/7R during storage of minced chicken meat at -20ºC, 0ºC and 25ºC 

 

The maximum death rate was achieved at 25ºC and the minimum at 4ºC. Other studies 
have also shown that C. jejuni can survive longer at 4ºC than at -20ºC or room 
temperature (Stintzi and Whitworth, 2003). In this study, the Weibull model seemed to 
perform better than the log linear model especially at low temperatures (<4ºC). 

Assessing poultry processing along the farm-to-fork chain is essential to account for 
the quantification of the pathogen of the final product. Cross-contamination during 
poultry processing particularly influences the contamination level of the whole 
production flock processed. Hayama et al. (2011) developed a cross-contamination 
model considering different steps such as scalding, defeathering, evisceration, washing 
and chilling of flocks. 

Simulation results showed that the number of Campylobacter on contaminated 
carcasses before processing affected the prevalence and the number of 
Campylobacter after processing. When the mean number of Campylobacter before 
processing was high (6.7 log CFU per carcass) the prevalence after processing 
increased to almost 100%.  

However, the effect of cross-contamination among carcasses was included into a 
simulation tool that can be accessed at:  

http://www.mramodels.org/poultryRMTool/Default.aspx 
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This web site provides access to a risk management simulation tool based on the 
Codex Guidelines for the control of Campylobacter and Salmonella in chicken meat 
(CAC/GL 78-2011). The tool is designed to compute the residual risk between a 
baseline process flow and a process flow applying selected interventions as outlined in 
the Guidelines. The residual risk measure may be used to evaluate the overall 
effectiveness of the applied interventions. 

�����������������)����(�
Salmonella spp. is also an issue in meats and meat products, as can be demonstrated 
by the Salmonella cases caused by meats consumption. In Denmark and Germany, the 
estimation of salmonellosis associated with consumption of pork has linked to 15-20% 
of human cases (Berends et al., 1998). Meats and meat products are considered highly 
perishable food products, whose processing, packaging distribution and storage are 
crucial stages for maintaining the safety and quality of the product. At the farm level, 
Salmonella organisms are able to survive in the paddock environment for several 
weeks, and even a low level of Salmonella contamination represents an infection risk 
for pigs in both organic and conventional production systems (Jensen et al., 2006). For 
industrial processing of pork cuts, the most important factor influencing microbial 
growth is temperature. Salmonella spp. can grow up to high numbers on meat products 
like chicken and pork if they are submitted to abuse of temperature. Therefore, 
anticipating the behaviour of Salmonella in meats under different conditions (e.g. abuse 
of temperature) through the application of predictive models becomes greatly 
important.  

Møller et al. (2008) studied scenarios including the presence of natural microflora in 
fresh pork meat and different abuse temperatures in order to predict the growth of 
Salmonella in fresh pork products. The results confirmed that the competitive natural 
microflora in minced pork can reduce the growth of Salmonella, as previously observed 
in culture broths (Stecchini et al., 1988) and chicken products (Oscar, 2006). Möller et 
al. (2008) suggested that at temperatures below 15ºC, the natural microflora of fresh 
meat reduced the growth of Salmonella considerably, whereas at temperatures around 
15ºC, significant Salmonella growth was observed before sensorial rejection for 
consumption basing on odour and appearance. These results indicate that safety, 
rather than spoilage, could be the shelf-life limiting factor of fresh pork meat at abusive 
storage conditions. Thus, this study highlights the interaction between native microflora 
and Salmonella growth, and how this interaction is influenced by temperature.  

Min et al. (2010) modelled the growth parameters of Salmonella Typhimurium in 
cooked-pressed ready-to-eat (RTE) pork as a function of concentration (0 to 3%) of a 
commercial potassium lactate and sodium diacetate and temperatures ranging from 
10ºC to 30ºC. The primary growth data were fitted to a Gompertz equation. The effects 
of temperature and concentration of commercial mixture were modelled by response 
surface analysis using polynomial models of the natural logarithm transformation of lag 
time and µmax. The results of this study showed that models for lag time and µmax were 
acceptable. Bovill et al., (2000) also found good agreement when they determined the 
predictive performance of a dynamic modelling approach, combined with the Food 
MicroModel software applied to the growth of Salmonella in different foodstuffs, 
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including chicken liver, minced chicken and pasteurized milk, under constant and 
fluctuating temperatures.  

Afterwards, Pin et al., (2011) modelled the Salmonella concentration throughout the 
pork supply chain by considering growth and survival in fluctuating conditions of 
temperature (0ºC to 30ºC), pH (2.5 to 7.0), and aw (0.78 to 1). Probabilistic and kinetic 
models were combined to give predictions on the concentration of Salmonella spp. at 
any stage of the pork supply chain under fluctuating pH, aw and/or temperature. Models 
were implemented in a user-friendly computing tool freely available from  

http://www.ifr.ac.uk/safety/SalmonellaPredictions/. 

This program provides estimates on the population dynamics of Salmonella spp. at any 
stage of the pork supply chain and its predictive performance has been validated in 
several pork products. 

Other computing tools for the estimation of growth of Salmonella in pork products have 
been launched, such as THERM (temperature history evaluation for raw meats) using 
ground pork  

and sausage at dynamic and abuse temperatures, between 10ºC and 46ºC (Ingham et 
al., 2009). Developed by the Center for Meat Process Validation at the University of 
Wisconsin – Madison (http://meathaccp.wisc.edu/).  

 

 
Fig. 13. Illustrative example of growth predictions given by the computer tool of the study of Pin et al. 

(2011) for Salmonella in pork meat at dynamic conditions of temperature, pH and aw  

 

Velugoti et al. (2011) developed a predictive model for Salmonella spp. growth in 
ground pork and validated using kinetic growth data. Salmonella spp. kinetic growth 
data in ground pork were collected at several isothermal conditions (between 10ºC and 
45ºC) and Baranyi model was fitted to describe the growth at each temperature, 
separately. Values of the maximum growth rate (µmax) estimated from the Baranyi 
model, were modeled as a function of temperature using a modified Ratkowsky 
equation. The authors recommended using the model at temperatures above 7ºC, 
since�underestimation could occur if the bacteria were exposed to temperatures below 
the minimum growth temperature of Salmonella spp. 
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Thermal inactivation of Salmonella spp. in ground pork was studied by Murphy et al., 
(2004). 
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Fig. 14. D- values (min) obtained by Murphy et al. (2004) for Salmonella spp. in ground pork 

 

As can be seen in Fig. 14 average D values (time needed for 1-log reduction) at 55ºC 
were 45.87 min, while at temperatures higher than 62.5ºC D values decreased below 
0.5 min. 

The authors concluded that it is difficult to compare the results from this study with 
previous reports because of the differences in bacterial type, meat species, muscle 
type, formulations, and other environmental factors. The D- values of Salmonella and 
L. monocytogenes in ground pork from this study did not differ significantly but were 
different from previous publications in various meat and substrates (Juneja et al., 
2001). 

��������������� �����������)����(�
Refrigerated raw meat, as a food matrix with relatively neutral pH and optimal aw and 
nutrient composition can support survival and growth of L. monocytogenes (Yücel et 
al., 2005). This is demonstrated as high prevalence values were obtained in raw meats 
(23.6%, Pesavento et al., 2010). The widespread occurrence of L. monocytogenes in 
the pork- processing industry from the slaughterhouse to the cutting room (Giovannacci 
et al., 1999) makes it nearly impossible to avoid minor contamination during the meat 
process (Stekelenburg, 2003). 

Regarding growth models, Zuliani et al. (2006a) studied the behaviour of L. 
monocytogenes in ground pork as a function of pH, aw, nature and concentration of 
organic acid salts. A primary model of Rosso et al. (1996) was implemented together 
with a cardinal secondary model including interactions (Augustin et al., 2005) for 
describing the influence of aw, pH, nature and concentration of the organic acid(s) 
salt(s) on µmax and lag. Storage temperature was fixed at 20ºC while pH values tested 
ranged from 5.6 to 6.2, and aw from 0.950 to 0.970. Organic acids used were 
potassium sorbate (20 – 60 mmol/L), sodium lactate (134 – 402 mmol/L) and sodium 
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acetate (22 – 66 mmol/L). Their results showed, that whatever acid salt concentration 
was used, they observed an inhibition of the growth of L. monocytogenes at pH 5.6 and 
aw 0.95. At pH 6.2 and aw 0.97, addition of mmol/L of sodium lactate or 60 mmol/L of 
potassium sorbate was required to observe a slower growth. 

In pork meat, they observed that addition of 268 mmol/L of sodium lactate reduced aw 
of 0.010. The inhibitory effect has also been attributed to their capacity to decrease the 
pH following their dissociation in acid. Moreover, it has been shown that inhibitory 
effect of organic acids was mainly seen when it is undissociated (Blom et al., 1997). 

The effect of inactivation processes (heat processing regime: 4h at 42ºC; 1h at 48ºC 
and 1h at 53ºC) together with physico-chemical factors (temperature, pH [5.0 – 6.2] 
and aw [0.93 – 0.97]) was assessed by Zuliani et al. (2006b) for L. monocytogenes in 
ground pork. The outgrowth of L. monocytogenes was also quantified during storage at 
20ºC. Their main conclusions were that according to pH and aw, the heat process can 
even make it possible to reduce L. monocytogenes contamination, especially at 
1h/53ºC, but this reduction of the contamination level is not extended during the 
storage phase. Therefore, for the global process, pH and aw have a highly significant 
effect on the area compatible with growth of Listeria, contrary to the heat-processing 
regime. 

Murphy et al., (2004) studied the thermal inactivation of L. monocytogenes in ground 
pork, as mentioned above for Salmonella spp.  

A graphical representation is depicted in Fig. 15. Inactivation patterns were similar to 
those found for Salmonella spp. 

The z value of L. monocytogenes in ground pork was 5.92 °C. A higher z value (the 
temperature increase needed to accomplish a 1-log cycle reduction in the D-value) 
means a slower temperature response to 1 log increase in the decimal reduction time 
(D value), that is, at a higher z value, a greater temperature rise is needed to response 
to a 90% increase in the decimal reduction time (D value). 
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Fig. 15. D- values (min) obtained by Murphy et al. (2004) for L. monocytogenes in ground pork 
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Since Escherichia coli O157:H7 first emerged as a food borne pathogen in the mid 
1980’s, it has been linked to many cases of food poisoning across the world. While 
multiple sources and routes of transmission for this pathogen are now recognized, beef 
and beef products remain an important vehicle of the pathogen and continue to be 
linked to outbreaks across the developed world. Much research has been directed at E. 
coli O157:H7 transmission, survival and control in the beef chain from primary 
production through slaughter, processing, distribution, final preparation and cooking.   

A number of national and international groups have applied quantitative risk 
assessment techniques to model the risk posed by E. coli O157:H7 in beef, particularly 
in ground/minced beef which is most often linked with infection. These are reviewed 
below. Current effort is focusing towards inclusion of other emergent VTEC strain into 
these models including E. coli O26, O111, O103 and O145. In the US the USDA/ FSIS 
are developing a model for emergent VTEC from primary production through to 
consumption. 

A number of quantitative risk assessment have been developed and published for E. 
coli O157:H7 in beef and some of these models are reviewed below. 

The model of Cassin et al. (1998) was developed for the production of ground beef 
burgers prepared at home. The exposure assessment modelled the farm to fork chain; 
from prevalence and concentration of the pathogen in cattle, thorough production of 
beef trim in factory, grinding at retail, and final preparation and consumption. The 
exposure model calculated a mean prevalence for E. coli O157:H7 of 2.9% in 
contaminated retail packages (300–1000g) of fresh ground beef with a predicted 
number in contaminated packages of 87% < 10 CFU; 90% < 1000 CFU/package. The 
dose-response model was a modification of that based on Shigella feeding studies and 
assumed that the infectivity of E. coli O157:H7 was similar to Shigella. The model 
considered increased risk in children and the elderly (i.e. HUS and mortality) based on 
epidemiological data. The model ranked the factors which were the most important 
predictors of risk and showed that concentration of pathogen in the faeces and host 
susceptibility had the most impact on predicted illness. Potential targets/interventions 
for risk management were assessed using hypothetical assumptions. The mitigation 
strategy having the most effect was strict control of retail storage temperature and 
lowering the maximum temperature to 8ºC from 10ºC with a worst abuse case of 13ºC, 
which resulted in an 80% predicted reduction of illness.  

Lammerding et al. (1999) described the risk from shiga toxin-producing E. coli in 
ground beef derived from beef trimmings in Australia and closely followed the above 
model of Cassin et al. (1998). The dose response model employed was as for Cassin 
et al. (1998) and the expected probability of illness of 6.4 x 10-4 per serving for adults 
and 4.6 x 10-4 for a child under the age of 5 years was substantially higher than 
reported by the Cassin et al. (1998) model presumably related to the much higher initial 
prevalence for STEC inputted to this model. The effect of various steps in the beef 
chain on the probability of illness was ranked. As with Cassin et al. (1998), analysis 
indicated that concentration of STEC in caeca and host susceptibility had the greatest 
impact on predicted illness. The model was also used to estimate what effect different 
risk mitigation strategies would have on the probability of illness. Hypothetical 
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intervention strategies including a hot water decontamination of carcasses and 
irradiation of boxed beef trimmings had the greatest impact with a 99.7 % and 97 % 
reduction respectively in illness predicted. 

A baseline risk assessment was carried out in USA for E. coli O157:H7 in ground beef 
(USDA-FSIS, 2001; Ebel et al., 2004) reflecting the full range of current practices, 
behaviour and conditions in the farm to fork chain (production, slaughter, processing, 
transportation, storage, preparation and consumption). The model predicted that 
0.018% of prepared servings consumed during June through September (high 
prevalence season) and 0.007% of servings consumed during the remainder of the 
year were contaminated with one or more E. coli O157:H7. The dose-response function 
was derived from epidemiological data for E. coli O157:H7 illnesses and the dose 
response curve was bounded by upper and lower dose-response curves from 
surrogate pathogens Shigella dysentery and enteropathogenic E. coli (EPEC), 
respectively (see Powell et al., 2000).  The predicted risk of illness was 2.5 times 
higher in children (0-5 years) (2.4 x 10-6 per serving) than in the average population 
(9.6 x 10-7). Seasonality was estimated to have a very big effect with risk of illness 
during June to September predicted to be three times higher during October to May. 
Factors were ranked of in order of importance in predicting illness. The effect of these 
factors on the occurrence and extent of contamination varied as a function of season 
and cattle type (feedlot herd or breeding herd). Occurrence and extent of E. coli 
O157:H7 contamination in cooked ground beef was additionally influenced by the 
proportion of ground beef that is frozen; the maximum population density of E. coli 
O157:H7 in ground beef and storage temperatures and cooking. The US population 
risk was deemed to be influenced more by the number of contaminated servings than 
the number of E. coli O157:H7 per serving. Various scenarios were modelled and 
indicated that the likelihood of finding E. coli O157:H7 through testing of manufacturing 
trim was substantively higher, by approximately a 5-fold difference, than through testing 
of ground beef alone.  

Nauta et al. (2001) estimated the risk of consumption of steak tartare patties, a lean 
(<10% fat) ground beef product typically eaten raw or partially raw, in The Netherlands. 
The model covered the farm to fork chain and differentiated between size of slaughter 
operation, industrial and traditional processing, and traditional butcher versus industrial 
preparation of product. The model predicted the prevalence of E. coli O157:H7 to be 
higher in industrial ground beef contaminated batches than in traditional facilities. 
However, when made into raw steak tartare patties, prevalence was almost equal in 
traditional and industrial product. Pathogen numbers in contaminated product were 
smaller in industrially produced patties, a result of diluting contamination throughout 
large volumes of uncontaminated meat. Overall the exposure model predicted that 
0.3% of raw steak tartare patties were contaminated; with about 64% of positive patties 
containing only 1 CFU, and only 7% contain more than 10 CFU. The dose-response 
model was based on data from a single 1996 outbreak in Japan (Teunis et al. 1996) 
and resulted in a dose-response similar to that from feed trials with Shigella which 
predicts the highest probability of illness per single cell ingested compared with 
alternate models. The predicted number of illnesses associated with the consumption 
of steak tartare in The Netherlands is 1,284 cases per year, an incidence rate of 8 per 
100,000 persons. By comparison, the incidence rate of STEC O157 illnesses from all 
sources, based on epidemiological data, is estimated to be 13 cases per 100,000. The 
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authors suggested that the model prediction may be overestimating the number of 
illnesses associated with the product, related to the dose-response model used which 
predicts a higher probability of illness than models used by other authors. Using an 
alternate dose-response model (Powell et al. 2000), only 17 cases per year were 
predicted from the consumption of steak tartare. Scenario analysis was used to identify 
the parameters impacting on risk. The biggest effects on the risk estimate were from 
farm prevalence, concentration of the pathogen in caeca and growth/inactivation on 
carcasses. Based on the model and expert opinion, the factors that were deemed 
mostly likely to decrease the risk associated with the product were lowering prevalence 
and concentration of E. coli O157 in cattle, improved hygiene at slaughter or increased 
the frequency of industrial processing. Product control by monitoring at retail did not 
appear to be practical given the low prevalence and concentrations, and the 
assumption that growth during storage was unlikely. Intervention at the consumer level, 
using an information campaign to influence preparation practices, was not part of the 
risk assessment model. However, this aspect was addressed through professional 
opinions from communication experts on potential effectiveness of an information 
campaign. It was concluded that this strategy was not likely to be favourable to risk 
reduction in the product. 

Finally, Duffy et al. (2006) developed a quantitative microbial risk assessment (QMRA) 
for E. coli O157:H7 in beef burgers produced in the Republic of Ireland. The risk 
assessment model covered the slaughter process culminating in the production of 
boxed beef trimmings; mincing of beef, beef burger formation and retail distribution; 
and domestic storage, cooking and consumption. The model indicated a mean 
simulated prevalence of E. coli O157:H7 on beef trimmings of 2.40 % and a mean 
count of -2.69 log CFU/g. This output was validated against a microbiological survey of 
E. coli O157:H7 on beef trim in Irish abattoir which indicated a prevalence of 2.36 % 
and counts of 0.7-1.61 log CFU/g indicating that the model simulated values and the 
survey result were similar. The model indicated a mean simulated prevalence in fresh 
beef burgers of 2.9% and 2.2% in frozen burgers while the mean simulated counts in 
fresh and frozen burgers were 1.96 log CFU/g and -0.22 log CFU/g respectively. These 
predicted values were compared with microbiological survey data on prevalence and 
numbers of E. coli O157:H7 on these products on retail sale in the Republic of Ireland 
and shown to be similar (prevalence 2.8%; counts log10 0.51–4.03 log CFU/g). The 
dose response used was based on the model of Powell et al. (2000) as per the USDA- 
FSIS model described above. The probability of illness caused by exposure to E. coli 
O157:H7 in fresh beef burgers is reported for an “average” individual. It is 
acknowledged that this dose-response relationship may be an underestimate for 
immune compromised individuals, however to try to create one for individual risk 
groups was not possible given the lack of a reliable a dose-response relationship in 
these categories. The simulated probability of illness from a contaminated serving of 
fresh beef was –5.94 log (1.1 x 10-6). Analysis of the risk model (by rank order 
correlation sensitivity analysis) indicated the initial prevalence and numbers of E. coli 
O157:H7 on the bovine hide (correlation coefficient 0.62) had the greatest impact on 
overall probability of illness from E. coli O157:H7. Further important factors were the 
cooking preference (correlation coefficient –0.57) and temperature abuse during retail 
storage temperature, during transport home,  and  home storage was also deemed a 
significant parameter influencing model predictions (correlation coefficient 0.48).  
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Despite the increasing number of outbreaks associated with vegetable consumption 
over the last years, few studies have focused on modeling growth of pathogens in fresh 
vegetables in comparison to meat and dairy products.  

Although several studies have aimed to assess pathogen growth in different plant 
matrices, few studies have developed a modeling approach. The models developed by 
Koseki and Isobe (2005) for L. monocytogenes, Salmonella spp. and Escherichia coli 
O157:H7 is one of few models available in literature. They are based on Ratkowsky 
type secondary model and Baranyi and Roberts (1994) primary model providing 
estimations for growth rate, lag time and maximal population density. The studied food 
matrix was lettuce. The model was developed in the temperature range 5-25º C and 
under aerobic conditions.  

 
Fig. 16.  Growth rates at different temperatures predicted by the model developed by Koseki and Isobe 

(2005) for different pathogens. 

 

As evidenced in the Fig. 16, results for Salmonella spp. and E. coli O157:H7 were 
pretty similar suggesting that enteric pathogens can show similar growth pattern in 
leafy green vegetables under aerobic conditions. In turn, L. monocytogenes presented 
a different behaviour with much lower growth. Comparison with a similar model based 
on data from Pathogen and Modeling Program (PMP) software indicated similarities 
with Salmonella spp and E. coli O157:H7, though it did not for L. monocytogenes with a 
much lower slope (b) than that shown by PMP 

This model also reported secondary models for maximal population density and lag 
time using a straight line equation for both cases.  
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Recently, a study by Sant’Ana et al. (2011) reported both models for Salmonella and L. 
monocytogenes in lettuce providing estimations for growth rate and lag time based on 
a Ratkowsky type secondary model and Baranyi and Roberts (1994) primary model.  
The main difference with respect to the Koseki and Isobe (2005) study lies on the fact 
that Sant’Ana et al. (2011) used different strains separately to generate individual 
growth curves. The kinetic parameters obtained for each strain were compared 
statistically and used to generate an overall secondary model. Other important 
difference is that growth was monitored in commercial lettuce packaged in modified 
atmosphere, which makes the model suitable to be implemented and used in growth 
prediction. As can be observed in Fig. 16, results for L. monocytogenes showed lower 
growth at low temperatures than that reported by Koseki and Isobe (2005). The authors 
explained that this fact could be due to the high sensibility of L. monocytogenes to the 
endogenous microbial flora, which could be favored by the anaerobic conditions. In the 
case of Salmonella, results indicated also lower growth along the whole range, 
suggesting that anaerobic conditions affected the growth capacity of Salmonella spp.  

McKellar and Delaquis (2011) derived an overall model for E. coli O157:H7 growth 
based on data taken from published studies. The model embodies growth data from 
different leafy green vegetables matrices including spinach, chard and lettuce among 
others.  The growth model was based on a linear primary model and Ratkowsky type 
secondary model. The prediction only deals with growth rate and no estimation is given 
for lag time and maximal population density. The model predicts a higher growth than 
that reported by Koseki and Isobe (2005), whose data were precisely used to generate 
the overall model. The variability and diversity of studies used for the model may 
explain the differences found with Koseki and Isobe (2005). Nevertheless, the overall 
model by McKellar and Delaquis (2011) might be used to explain an average response 
including different conditions and matrices. In contrast, predictions by this model 
possess larger uncertainty. therefore, caution should be taken when applied or when 
decision are  made on the basis of this model. 

With regards to apple, a data gap was detected, since no model was available in 
literature. Nevertheless, a study by Janisiewicz et al. (1999) reproduced E. coli 
O157:H7 contamination in apple found that the microorganism was able to grow up to 
reach the maximal population density, which depended on the initial inoculum. In the 
worst scenario, the microorganism might increase 3 log in 48 hours. As the lack of 
data, we suggest digitizing growth curves in this study to incorporate a specific growth 
scenario in the modelling part. 

����������������
McKellar and Delaquis (2011) derived a survival model for E. coli O157:H7 using 
existing data from 13 different studies. Because of the high variability in the data, no 
relation was found between temperature and die-off rate. Therefore, a probabilistic 
approach was taken to represent E. coli OI157:H7 survival in the range 0-5 ºC. The 
distribution, which best fitted to data, was the log normal distribution with mean 0.013, 
standard deviation 0.010, and Shift 0.001.  
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Fig. 17.  Lognormal distribution for die-off rate of E. coli O157:H7 in lettuce (0-5 C) 
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Cross contamination can occur in different steps along the food chain of plant products. 
Although cross contamination during washing step is an important issue, no specific 
models are reported in literature. With the exception of Peréz-Rodríguez et al. (2011), 
who presented a cross-contamination model including transfer from different parts in 
the equipment to the product during processing of shredded lettuce, also including the 
cross contamination from wash water. To describe bacterial transfer, different 
probability distributions were fitted to the experimental data obtained in a pilot scale 
plant, in which a lettuce lot was processed containing a specific proportion of 
contaminated lettuce heads. 

Also, cross contamination can take place during handling steps transferring pathogens 
from contaminated product and non-contaminated produces. The studies by Zhao et al. 
(1998) and Montville et al. (2001) developed experiments in a laboratory reproducing 
different handling scenarios with 30 individuals. The data was used to generate 
probability distributions accounting for bacterial transfer from contaminated meat to 
lettuce in different activities. Experiments were carried out using a surrogate 
microorganism for entero-pathogens such as Salmonella or E. coli. Results indicated 
that logistic, normal and gamma distributions were the most suitable distributions to 
describe the different cross-contamination scenarios, though the normal distribution 
using transfer rate in logarithmic units was the most used distribution to represent cross 
contamination scenarios. Other studies, such as that developed by Wachtel et al. 
(2002) and (2003), have studied E. coli O157:H7 cross contamination during handling 
vegetable products, but no models are derived. In this study, cross contamination 
during cutting contaminated meat product and  

lettuce on cutting boards is analyzed, providing transfer rates at different inoculum 
levels and conditions (e.g. temperature). Also, a consecutive transfer process is 
studied assessing prevalence effect on the cut produce.  
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As we have seen in this deliverable, during the last several years a range of predictive 
microbiology models have been developed to mathematically describe the growth, 
survival and death for a variety of food-borne pathogens. However some target 
predictive models included in Table 1 might not be collected either due to they did not 
meet some of the above-mentioned criteria or were not found in consulted literature. 

Regarding available models for Listeria in seafood, the growth/death rates, and growth 
limits of L. monocytogenes in seafood products have been studied widely including 
some factors like temperature, pH, organic acid concentration, aw, LAB microorganism 
growth, and smoke components, with particular emphasis on the behaviour of L. 
monocytogenes in cold-smoked salmon products, developing a big amount of primary 
and secondary models. However there is just a pair of papers which develop growth or 
inactivation models of Vibrio parahaemolitycus in shellfish, so that a deeper knowledge 
would be necessary. 

Several mathematical models describing the behaviour of S. Enteritidis in eggs under 
the influence of various environmental factors have developed. However no predictive 
models have been developed to study the growth or inactivation of S. Enteritidis in egg 
powder. 

Most of published models of Campylobacter spp. in meat products are devoted to study 
survival and/or inactivation of Campylobacter strains as a function of temperature, pH 
and additional factors such as aw, humidity conditions, or presence of organic acids. 
Regarding Campylobacter growth models in broiler meat, the known difficulty to culture 
Campylobacter spp. in laboratory impedes the development of predictive model for this 
pathogen.  

Although the growth and inactivation of L. monocytogenes in different cheese types 
has been widely studied, only a few predictive models have been developed. Some of 
the existing models have been developed in milk and subsequently have been 
validated in cheeses. Due to the large number of types of cheeses, made and ripened 
in different ways, is therefore needed a deeper understanding and modeling the growth 
and inactivation of Listeria. 

Regarding plant products, data gaps were detected in apple matrix, since no model 
were available in literature due to difficulty of microorganism growth in the solid matrix 
of the apple. 

In order to overcome these detected data gaps we propose to carry out a contingency 
plan including some options provided as follows: 

- Generation of new laboratory data for modeling purpose by BASELINE partners. 

- Retrieve raw data from Combase database to derive a cardinal secondary model 

- Gather existing primary models from scientific literature to build a new secondary 
model or extend an existing cardinal model. 

- Validation of existing broth-based model using observed data in foods retrieved 
from Combase database or generated from Baseline partners.  
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