
  

Mathematical  Modelling of the S. 
aureus Hazard in the Dairy Food Chain 

Figure 1: Possible consequences of S.aureus contamination in Dairy Food chain. SEM image of S.aureus from CDC 
Public Health Image Library (#6486). Rest of Figure 1’s images GPL or Creative commons licenced.

What is Bio-traceability?  Bio-traceability is the ability to use down stream 
information to point to materials, processes or actions within a particular food 
chain that can be identified as the source of undesirable agents.

Introduction   
Modern food chains have moved from being local and static to global and 
dynamic systems in which several elements, at distinct points in the chain, 
are responsible for the safety and quality of the food. This complexity causes 
problems when attributing the origin of biological agents (e.g. bacteria or 
toxins) to particular sources in the chain and in turn this hinders appropriate 
interventions. Robust mathematical modelling can assist the required 
decision-making processes that surround identification and tracing of 
contamination incidents. As part of a multi-disciplinary programme (EU IP 
BIOTRACER) we have built a domain model for Staphylococcus aureus
(and associated enterotoxins) in the dairy chain to assist with quantitative 
risk assessment and biotracing. In particular this model facilitates a 
Bayesian inference in relation to possible contamination sources. Whilst the 
risks associated with S. aureus in dairy products are not high there are a few 
documented incidents with significant impact e.g. A major incident in Japan 
in 2000 caused more than 14,000 cases of human intoxication.

Methods
The hazard domain can be represented by a modular structure and maps well to tools like Bayesian 
network and systems dynamics representations. Quantification involves expert beliefs and data that 
relates to details of toxin production, population growth rates, incidence, pooling effects and survival rates 
etc. 

The model construction is based upon six, dominantly sequential, elements in the UK dairy chain which 
follows the progression of S. aureus  populations and enterotoxin concentrations in liquid milk from the 
farm to the point of consumption. A probabilistic model has been constructed, using HUGIN  BBN 
software. 
1. Farm: The herd size is considered as the major source of variability between herds. Individual herds, 
and individual animals within herds are considered to be independent. The number of enterotoxigenic S. 
aureus in a farm tank at the point of collection is an appropriate end point for the consideration. 
2. Transport: Tanker transport from farm to dairy is part of a controlled chill chain for milk. In this phase 
we assume that temperature control is perfect so that no microbial growth or toxin production occurs; 
According to most models 10°C is the minimal temperature for growth of S. aureus in milk.
3. Processing: At a dairy milk is pooled in a silo from several tankers and is then pasteurized, (In the UK 
most commonly  by a (high temperature-short time process; at least 72°C for 15 seconds). An enzyme 
test (alkaline phosphatase) is used to check the success of the pasteurization. Unmonitored failure of the 
HTST process is a potential hazard.
4. Packaging:  Contamination of milk after processing e.g. with unprocessed milk from filler tanks and 
pipes is a source of risk.
5. Transport 2: Transport from a dairy into the retail chain is subject to stringent temperature control and, 
at this stage, associated hazards have been neglected.
6. Storage: The failure of temperature control during storage can lead to bacterial growth and toxin 
production and, hence, is a potential source of risk.
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Figure 2: Whole Domain Bayesian Belief Network for S.aureus hazard
(Left arrow: S. aureus, Right arrow: Enterotoxin)
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What are Bayesian Networks? These are graphical models that represent a set of variables (the nodes) 
and their probabilistic interdependencies (the paths linking the nodes). They provide a means of using 
Bayes’ theorem to model uncertain complex systems and hence facilitate inference based on 
observational evidence.

Discussion
Currently, the relationship between traditional quantitative risk assessment and operations like biotracing 
is unclear. Belief systems provide a valuable framework for evaluation of new information sources and 
data structures and this network implementation is ideally suited to quantification of the S. aureus hazard 
domain - sensitivity analyses, value of information and ‘what if’ modelling compliment quantification of 
belief and Bayesian inference. 

The construction of this model for this particular risk has highlighted the need for further data supplies in 
order to improve the domain quantification and the options for biotracing.

What is Systems Dynamics?  A method of describing and understanding complex systems using 
feedback loops and stocks and flows. In this system the stocks would be populations of bacteria and 
toxins and the flows would be the processes affecting the level of these stocks.

Results
We have constructed a versatile interactive representation of the hazard domain as a Bayesian Network 
and we have explored options for systematic inference based on end point observations – biotracing? In 
particular we have enabled options that facilitate the use of end point observations for discrimination 
between 3 clearly distinct ‘sources’; i.e. toxin formation prior to pasteurization, unmonitored failure of 
pasteurization and post process contamination. Additionally we have considered a complementary model 
using (agent based) system dynamics. This model illustrates many features of distributed milk production 
and will be developed further in parallel with the chain model.
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Figure 3: The distribution of farm tank 
contaminations 

Figure 4: Distinct beliefs concerning the success of the pasteurization 
process depending on different populations of S. aureus post-
pasteurization

Concentration of enterotoxigenic S. aureus 
in milk post-pasteurization

Success of the pasteurization 
process 

The domain model provides a semi-quantitative appreciation of both risk assessment and biotracing 
opportunities. Thus, for example, at farm level, we can obtain an estimation of the beliefs concerning the 
concentration of enterotoxigenic S. aureus in farm tank milk. Figure 3 shows beliefs corresponding to 
the smallest (full line) and largest (broken line) herds. Figure 4 shows an example of how the model can 
promote certain level of discrimination concerning the success of the pasteurization process, depending 
on different observed concentration of S. aureus post-pasteurization.   
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