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Abstract

In the context of the European Food Risk Assessment (EU-FORA) fellowship pro-
gramme, the project ‘Q4MRATools: Quantitative Tools to Microbial Risk Assessment’
focused on training in predictive microbiology, experimental design and the use
of advanced software tools like R, MATLAB, @Risk, DMFit and GInaFiT. The primary
objective of this programme was to equip the fellow with foundational knowl-
edge in quantitative microbial risk assessments (QMRA), thereby contributing to
the development of more effective and accurate food safety risk assessments. This
initiative was part of a broader effort to address the evolving challenges in food
safety by enhancing collaborative actions and developing robust food safety sys-
tems. The fellow engaged in various risk assessment tasks, acquiring fundamental
knowledge in predictive microbiology, particularly different modelling strategies
for growth and inactivation models, as well as understanding the nuances of mi-
crobiological behaviour under different conditions and food matrixes environ-
ments. The training emphasised the importance of experimental design and the
application of software tools essential for conducting QMRA. Secondary activities
were also included to broaden the fellow's competencies, expanding their exper-
tise beyond qualitative methods.
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SUMMARY

The final report of the EU-FORA fellowship programme, titled ‘Q4MRATools: Quantitative Tools to Microbial Risk
Assessment,’ outlines the activities undertaken by the fellow during the programme's implementation. This programme
has been hosted by the Department of Chemistry, National and Kapodistrian University of Athens (NKUA) under the su-
pervision of Prof. Vasilis P. Valdramidis, awarded by EFSA to the University of Cérdoba (UCO) in Spain as sending institution.
While the report includes only a portion of the data obtained, as the research is ongoing, a separate scientific publication
will be developed to present the full outcomes.

The research concentrated on two main areas: (i) the assessment of the inhibitory activity of acids on various food-borne
microorganisms and, (ii) the development of a quantitative microbial risk assessment (QMRA) of Listeria monocytogenes in
artisanal Spanish fermented sausages. Preliminary results discussed the impact of pH on microbial growth, exploring how
pH and temperature are influencing food safety. For the QVMIRA model, the fellow designed and implemented various vari-
ables to assess the risks associated with L. monocytogenes in artisanal sausages.

During the fellowship, the trainee has been working on the design and generation of informative experimental data to
build the QMRA model structure, to define the input variables and to capture the variability and uncertainty sources de-
scribing the risk of L. monocytogenes in artisanal fermented sausages. Additionally, the fellowship aimed to familiarise the
trainee with the acquisition of skills in software and model simulation tools that can be used to develop decision-making
and QMRA in food microbiology. Methodologies employed in this research included extensive data collection, develop-
ment of predictive models and simulation of food processing and preservation scenarios. The fellow utilised software
tools like R Studio, @Risk and MicroHibro to implement predictive models, aiding in the understanding of the interaction
between pH, temperature and microbial growth/inactivation. These models are crucial for enhancing food safety by pre-
dicting and controlling microbial contamination, particularly in RTE products.

The report highlights the importance of understanding the intricate interactions between pH, temperature and mi-
crobial growth to improve food safety standards. The fellow's contributions to the project align with the broader goal of
refining risk assessment models and ensuring that food industry practices comply with food safety criteria. The EU-FORA
fellowship played a pivotal role in equipping the trainee with the skills needed to critically review data and existing micro-
bial risk assessments of L. monocytogenes and its implications for public health in the EU.
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1 | INTRODUCTION

The ongoing challenge of feeding a growing population, while ensuring the freshness and safety of food by inhibiting
microbial growth, continues to require thorough research from food scientists. Particularly, preventing and controlling mi-
crobial contamination in ready-to-eat (RTE) products is an essential task to guarantee food safety (Mataragas et al., 2010).

The consumption of RTE foods is steadily rising in high-income nations (Monteiro et al., 2013). These foods are often
produced using a mixture of various raw materials under various processing conditions, whether in domestic, artisanal or
industrial facilities, frequently involving extensive food handling, specialised manufacturing and preservation methods
(Holck et al., 2017). Consequently, incidents of food contamination may occur more often in this category than in others,
potentially originating from the use of contaminated raw materials, cross-contamination events, processing environments
and equipment, or food handling practices (Bonilla-Luque et al., 2023). This scenario became particularly complex if con-
sidering the emerging new consumer trends and introduction of novel foods and changes in food products' composition.

To identify practices increasing the risk of food contamination and to support the compliance with current microbio-
logical criteria, it is crucial to evaluate and understand the influence of extrinsic and intrinsic factors that affect microbial
behaviour in RTE foods (Possas et al., 2021). For instance, the application of starter cultures (lactic-acid bacteria, LAB) or
natural food preservatives as an alternative to antibacterial and antifungals, requires better understanding of the effect of
organic acids which inhibit growth of spoilage organisms. In this sense, scientific knowledge across all these fields requires
a deeper understanding of the impact of low pH, particularly when considered together with other factors and variables
present in food (i.e. temperature), and how they are collectively affecting microbial behaviour.

Predictive microbiology tools help in assessing the responses of food-borne pathogens in various food matrices.
Mathematical models have been developed to describe the effects of numerous factors on microbial growth in different
food systems (Pérez-Rodriguez & Valero, 2013). These models, supported by reliable data, assist food operators in ensur-
ing compliance with safety microbiological criteria. Predictive tools also bolster risk mitigation strategies, refine Hazard
Analysis and Critical Control Points (HACCP) protocols, and support advanced methodologies like Quantitative Microbial
Risk Assessments (QMRA). In this regard, QMRA is gaining recognition as a valuable tool for integrating necessary informa-
tion to evaluate and prevent potential risks associated with food-borne pathogens.

The European Food Risk Assessment Fellowship (EU-FORA) is a hands-on ‘learning by doing’ programme designed
to expand the pool of food safety risk assessment experts in Europe and to enhance Member States' participation in
risk assessment activities (Bronzwaer et al., 2016). Through participation in the 7th EU-FORA cycle (2023-2024), a fellow
from the Dpt. Food Science and Technology at the University of Cérdoba (UCO) has been involved in the fellowship pro-
gramme ‘Q4MRATools: Quantitative Tools for Microbial Risk Assessment’. This fellowship programme, implemented by
the Department of Food Chemistry at the National and Kapodistrian University of Athens (NKUA), Greece, under the su-
pervision of Prof. Vasilis Valdramidis and coordinated by Antonio Valero and Aricia Possas from the sending institution,
focuses on two key areas related to low-acid food products: (i) understanding the role of factors such as pH and tempera-
ture in pH-modified products (e.g. beverages, sauces and milk) on food-borne pathogens behaviour and, (ii) designing a
QMRA for L. monocytogenes in artisanal Spanish fermented sausages, which are often associated with food safety alerts
(AESAN, 2021, 2023; BOJA, 2024). The outcomes of this work provide a foundation for risk assessment calculations under
various food processing and preservation scenarios.

1.1 | Background and Terms of Reference as provided by the requestor

The research groups and supervisors from the Food Chemistry at NKUA and Food Science and Technology Departments
at UCO possess extensive expertise in developing predictive microbiology models and software tools for QMRA. This ex-
pertise enabled them to offer the EU-FORA fellow an opportunity to gain knowledge in the methodologies, terminologies,
and practical skills commonly employed in QMRA. Since the fellow's background is based on veterinary and public health,
the guidance and involvement of the supervisors during this fellowship facilitated the fellow to gain hands-on experience
in modern methodologies and software tools for constructing QMRA models. This challenge was greatly facilitated by the
fact that all the food matrices and topics were selected and carefully design in the project to align with the framework of
the fellow's doctoral thesis (microbial safety and quality of mediterranean artisanal fermented foods).

2 | DATA AND METHODOLOGY
2.1 | Data

The EU-FORA programme provided advanced training in the application of mathematical and statistical methods to ana-
lyse data related to the microbial behaviour of pathogens in low pH food products across various categories. Initially, the
fellow engaged in the working activities at the hosting site through the access to an extensive database provided by an
ongoing initiative within the EuroMicropH COST Action. The input data, sourced from Combase® and Symprevius® with
the special collaboration and co-work with the founders, included microbiological inactivation data obtained through
challenge testing. This dataset contained information such as the study source, number of replicates, species of microor-
ganisms tested, food matrices (including beverages, milk and sauces), pH, temperature, water activity (a,) and microbial
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concentrations (log cfu/g or mL) across experimental time points. The fellow was instructed on data extraction procedures
and actively participated in applying exclusion criteria for studies and data in subsequent analyses. In a separate study,
the fellow also worked with data obtained experimentally in artisanal Spanish fermented sausages. These additional data
were collected from planned experiments conducted at the fellow's institution during the remote stage of the fellowship.
This dataset focused on the growth behaviour of L. monocytogenes in fermented sausages during their ripening period,
replicating conditions found in Spanish artisanal industries and assessing the impact of incorporating starter cultures, the
behaviour of indigenous LAB and pH changes.

2.2 | Methodology

The primary focus of the activities involved training participants in the development and application of predictive models
designed to assess microbial responses related to survival, growth and the likelihood of microbial recovery. The objectives
of the programme were threefold: (i) to enhance the trainee' abilities to design and create meaningful experimental data,
(i) to develop an understanding of model structure development and selection to quantitatively describe microbiological
phenomena while accurately measuring sources of stochasticity and (iii) to familiarise trainee with optimisation software
and modelling simulations applicable for decision-making and QMRA in the field of food microbiology.

During the 1-year fellowship, the participant gained valuable insights into QMRA methods, both through remote learn-
ing and on-site experiences. Initial training was conducted online, with structured follow-up sessions with supervisors. Key
training activities included mastering advanced statistical techniques and developing dedicated predictive models. The
fellow also received guided learning on various specialised topics, such as: (1) utilising databases (EFSA, FAO, ComBase) for
hazard identification; (2) formulating models based on published findings from online databases; (3) employing statistical
principles in experimental design to analyse microbial growth and inactivation kinetics for constructing QVMIRA models;
(4) acquiring a statistical programming language; and (5) interpreting the outcomes from analyses and QMRA simulations.
This comprehensive approach provided the fellow with a solid theoretical foundation necessary for conducting QMRA,
supplementing her prior education and training, including the 3-week introductory programme in microbiological and
chemical risk assessment offered by EFSA.

Following this, the fellow has completed a 3-month in-person training at the Dpt. Food Chemistry at NKUA. This period
involved practical experience and hands-on training in all required steps and tools for analysing large datasets and inte-
grating this information into an exposure assessment framework for food-borne pathogens specifically in artisanal RTE
foods, allowing her to perform her own QMRA. Probabilistic models were constructed using software tools like R Studio, @
Risk and MicroHibro, to represent various food supply chains within the QMRA framework. The training covered all aspects
of risk assessment, including hazard identification, exposure assessment, hazard characterisation and risk characterisation
(Tiwari & Cummins, 2013). Notably, the main focus was on exposure assessment to evaluate the likelihood of a hazard
being present in food and the quantity of that food consumed by the population, contributing to quantify individual and
population risk (risk characterisation).

The specific activities were organised into four key tasks: (1) Training on data repositories, software applications and
methodologies for gathering data to assess microbial exposure to L.monocytogenes in artisanal RTE foods. A thorough
review was conducted to identify pertinent data sources, such as scientific publications, databases, literature and experi-
mental studies. Data related to microbial hazards, food formulations, processing variables and consumption patterns were
gathered and organised into predefined databases. (2) Conducting multivariate analysis of the microbial resistance in low-
acid food products. During this stage, the fellow analysed data extracted from Combase® to determine inactivation kinetics
parameters. The goal was to identify potential clusters linking inactivation parameters to pH levels, species of bacteria and
other factors. Results from this task may be shared with the COST action (https://euromicroph.eu). (3) Developing predic-
tive microbiological models for L. monocytogenes in artisanal RTE foods. This involved using data from challenge tests on
L.monocytogenes in artisanal foods to fit various predictive models under both static and dynamic storage conditions, also
assessing the impact of different biopreservation strategies. (4) Development of a stochastic model that includes critical
stages of the production and distribution process for meat products, such as reception, mixing, ripening and storage. This
task focused on constructing and integrating probabilistic models of L. monocytogenes into software tools for estimating
the concentration and prevalence of the pathogens in artisanal RTE foods at the end of their distribution.

221 | Computational activities

Different data processing strategies were employed during the implementation of the work programme. The first ap-
proach involved utilising MATLAB and R software in parallel, and self-designed codes, while the process involved the famil-
iarisation with various computational methods. The second approach involved MS Excel, enhanced with add-ins such as @
Risk, DMFit or GInaFiT. Each of them were applied according to the specific needs and objectives of the research.
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2.2.2 | Secondary scientific outcomes

« Conference Participation: The fellow presented the work titled ‘Assessing Antimicrobial Potential of Mediterranean
Plant Extract (Allium, Ocimum and Thymus spp.) through a Meta-analytical Approach’ at the 2024 European Symposium
on Food Safety held from 30 April to 2 May, 2024, in Geneva, Switzerland. Additionally, the fellow attended the 28th
International ICFMH Conference in Burgos, Spain, from 8 to 11 July, 2024, in which the fellow presented the oral commu-
nication titled ‘Exploring the role of pH on the microbial responses of food-borne pathogens in food products stored
under different temperatures’.

 Professional Visits: The fellow visited the headquarters of the Spanish Agency for Food Safety and Nutrition (AESAN) in
Madrid and the National Centre for Food Laboratory in Majadahonda on 27 and 28 February, 2024. During this visit, the
fellow benefited from presentations on AESAN's work in risk assessment, management and communication.

o EU-FORA Programme: The fellow participated in the EU-FORA programme, engaging in various modules offered in both
online formats and in-person, in headquarters of the European Food Safety Authority (EFSA), in Parma, ltaly.

« Knowledge Acquisition and Exchange: The fellow was involved in multiple activities at the hosting organisation, includ-
ing attending presentations by master's and PhD students and working group meetings. The fellow also took part in
workshops and summer schools focused on risk assessment, organised under the Innovative Training Networks (ITN) of
the Marie Sktodowska-Curie Actions, specifically the TRANSIT project (H2020-MSCA-ITN-2020). Additionally, the fellow
delivered a conference at the hosting site, discussing her professional trajectory, doctoral thesis plan, research results
and ongoing work.

« Future Plans and Contributions: The fellow plans to submit one to two publications to international scientific journals to
enhance visibility. A presentation is scheduled of the QMRA methodology for microbial risks in foods (lecture to under-
graduate students at the University of NKUA).

3 | ASSESSMENT

Understanding the factors that influence the responses of food-borne pathogens is crucial for designing effective food
safety measures. Hurdle technology, which considers multiple factors like pH and temperature to inhibit microbial growth,
plays a key role in this process. In our first study, we analysed the impact of pH on pathogen responses in foods stored
at varying temperatures. Data from 121 studies were modelled using GInaFiT to estimate Log-3-reduction (L3R) times.
GInaFiT is a valuable tool enabling the testing of various microbial survival models (Geeraerd et al., 2000, 2005).

Subsequent analyses were conducted in parallel using R Studio and MATLAB. Due to the non-normal distribution of
the data, all statistical analyses were performed using non-parametric methods. To detect preliminary differences influ-
enced by pH, we categorised the data into two groups: food environments with pH below 4.5 and those with pH above
4.5, Statistically significant differences in L3R times were found between these two groups (Table 1). Additionally, correla-
tions and significant relationships between various factors and variables derived from predictive models were identified.
Heatmap analyses have shown that fewer results were observed for certain categories, particularly in higher pH foods, as
only milk products were included in this group. The data revealed that microbial reduction times were longer in lower pH
food products, which is consistent with previous studies where temperature and storage times were the affecting factors.
In this sense, it is important to consider that factors in combination with pH, such as temperature, may influence these
outcomes. Preliminary findings suggested that the temperatures used in the selected studies could be affecting micro-
bial behaviour in low pH food products, possibly due to nutrient competition at higher temperatures (Possas et al., 2022).
Further research is in process to better understand these relationships.

TABLE 1 Estimation of L3R for microbial inactivation of Salmonella spp., Escherichia coli, Listeria innocua, Listeria monocytogenes and
Campylobacter fetus in beverages, sauces and milk food matrices.

pH<4.5 pH>4.5

pH Temp (°C) L3R (min) pH Temp (°C) L3R (min)
Minimum 3.20 4 24.74 6.49 1 17.77
Maximum 412 25 778.39 6.80 30 386.60
Median 3.77 8 24313 6.60 14.04 119.76

Microbial resistance was ranked based on the L3R times. In the lower pH category, Salmonella spp., Escherichia coli
and L. monocytogenes were the most studied pathogens, with Salmonella enterica identified as the most resistant (L3R
of 495.91 min). In the milk product category, there were slight differences between the two most studied pathogens, i.e.
E. coli and Campylobacter jejuni, although E. coli was the most resistant (L3R of 121.31 min). Moreover, within specific food
products, significant differences were observed between microbial groups, such as between E. coli and S. enterica in bev-
erages, and between L. monocytogenes and E. coli in sauces. Our findings aligned with previous in vitro assessments (Lin
et al.,, 1995). However, our analyses studies conducted in various food matrices, allowed us to further capture different
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microbial behaviours, such as variations between Gram-positive and Gram-negative bacteria, as well as interspecies
and inter-strain variability.

In a second analysis, we focused on the design and construction of a QMRA specific to artisanal fermented sausages.
The first stage involved modelling the growth of L. monocytogenes based on data obtained from laboratory experiments
where artisanal fermented sausages were artificially contaminated (challenge test). This growth data was used to repre-
sent the behaviour of L. monocytogenes during the ripening stage of the sausage processing. Various cardinal models
were selected, considering factors such as changing pH, reduction of a , growth of LAB and acid production. For instance,
proposed a cardinal model that incorporates pH and undissociated lactic acid concentration, along with other factors like
temperature, minimum growth temperature, pHand a,,.

Name AIC « . " Statistics N
[ e Fit Comparison for Dataset 1 g
Yebu 97 RiskWeibull(11.162,3.8018,RiskShift(12.3188))

ExtvalueMin 370.8052 RiskNormal(15.95371,0.39079) Minimum 13.9000 12.3188 «
Logistic 385.0169 15,200 16.500 Maximum 16.9000 +o0
{&/] Normal 390.3447. 5.0% 90.0% Mean 15.9537 15.9519

4.4% 90.0%

Laplace 405.2607 27% SO Mode =15.1000 16.0888
Pert 475.5192| 2.0 1 Median 16 15.9978
Triang 549.3932| o | Std Dev 0.3908 0.3939
ExtValue 580.3338 Skewness -0.7431 -0.6829
Uniform 895.7087| 1.6 1 Kurtosis 4.4797 3.6895
Expon 1395.5066 14+ LeftX 15.200 15.200
Pareto 1446.5143 LeftP 5.0% 4.4%
Levy 1771.9727| 1.21 Right X 16.500 16.500
- @RISK Student Versi@ Right P 5% Y
O 1.0 A ) . o 0 o . o
A For Academic Use OI\I Dif. X 1.3000 1.3000
Al 081 Dif. P 90.0% 90.0%
NA| 0.6 1% 15 14.8365
N/A 2.5% 15.1000 15.0538
Al 041 5% 15.2000 15.2324
P NA| .2 10% 15.5000 15.4265
N/A 20% 15.6000 15.6426

0.0 25% 15.7000 15.7191

'l »

135
14.0
145
15.0
155
16.0
16.5
17.0

FIGURE 1 Caption of @Risk Microsoft Excel Add-in performing distribution fitting on ripening temperature data.

In the subsequent stages of storage, kinetic values were used to determine the final concentration of L. monocytogenes,
including the probability of contamination, microbial concentration, weight of each sausage, microbial behaviour at ref-
erence temperature (5°C), minimum growth temperature and exponential growth rate. These values were obtained from
both previous studies and our own data (Bonilla-Luque et al., 2024). The Rosso equation and Baranyi primary models were
independently applied to estimate the concentration of L. monocytogenes at each storage stage (EFSA BIOHAZ Panel, 2018).
Real-time temperature scenarios from artisanal production were incorporated using a deterministic approach combined
with probabilistic distributions for each parameter. For instance, the most suitable statistical distribution was fitted using
@Risk from a set of experimental temperatures (Figure 1) to describe variability in the microbial growth.

Furthermore, specific manufacturing stages, such as retail time — where 95% of the products are purchased by con-
sumers — and the probability of temperature abuse during the consumer storage, were given in more detailed based on
available information and considering the stage's impact on the final product safety. All the data and values were compiled
in the same Excel file for calculations, organised by stages and facilitating the most practical visualisation.

Finally, the risk of listeriosis per serving and the adjustment of the product's shelf-life were determined. This assessment
took into account an estimated serving size, which was divided into three age categories: above 65, between 18 and 64 and
below 18years old. The dose, expressed as log CFU, was also calculated for each age group.

4 | CONCLUSION

The primary objective of the work programme was to develop and apply predictive models to assess the impact of vari-
ous factors on microbial inactivation and to estimate the public health risks associated with listeriosis from consuming
artisanal Spanish fermented sausages. This programme provided the fellow with extensive expertise in conducting risk
assessments for microbiological hazards. Throughout the programme, the fellow acquired the skills needed to design a
risk assessment framework and construct a QMRA model by integrating information, experimental data and mathematical
equations, while considering all relevant input parameters (such as temperature, time and microbial population) that influ-
ence the outcomes. A key aspect of this process was the fellow's familiarisation with pertinent online risk assessment tools,
particularly the @Risk software package, which is recognised as a powerful tool for risk analysis. High-quality data, coupled
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with effective risk communication, are crucial for conducting well-informed risk assessments and management, ensuring
a robust risk analysis and achieving a high level of protection for human health and safety. The EU-FORA programme of-
fered an invaluable opportunity to exchange ideas, methodologies and scientific insights, as well as an important step in
establishing a professional network that will support future collaboration in risk assessment research.

5 | RECOMMENDATIONS

The fellowship programme significantly contributes to developing expertise in various stages of risk assessment.
Additionally, a key strength of the programme is its focus on expanding the fellows' professional networks. The working
groups established across different organisations are a vital resource provided by this programme, and can be effectively
maintained by scheduling follow-up meetings in a manner that suits both departments.
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