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The Food Safety and Inspection Service (FSIS) of the U.S. Department of
Agriculture requires meat processors to follow time-temperature compliance guidelines
to meet stabilization performance standards. The FSIS has proposed that by following
these guidelines, allowable growth of Clostridium perfringens is limited to a 1-logio
multiplication during cooling after cooking of ready-to-eat meat products. Numerous
small meat processors have difficulties complying with these performance standards.
Several attempts, mainly focused on microbiological aspects, have been made to develop
predictive models for growth of C. perfringens within the range of cooling temperatures
of the guidelines. Conversely, studies dealing with heat transfer models to predict cooling
rates in meat products, do not address microbial growth. Integration of heat transfer
relationships with C. perfringens growth relationships during cooling of meat products
has been very limited.

The objective of the current study was to integrate a heat transfer model and a C.

perfringens growth model into a user-friendly computer program for accurate prediction
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of cooling rates and potential growth of the microorganism during cooling of cooked
boneless ham.

The heat transfer component was developed in Matlab® 6.5 using finite element
analysis to model two-dimensional axisymmetric transient heat conduction. Validation
used experimental data collected in commercial meat-processing facilities. For C.
perfringens growth, a dynamic model was constructed using Baranyi’s non-autonomous
differential equation. The bacterium’s growth model was integrated into the computer
program by using predicted temperature histories as input values.

For cooling cooked hams from 66.6°C to 4.4°C using forced air, the maximum
deviation between predicted and experimental core temperature data was 2.54°C.
Predicted C. perfringens growth curves obtained from dynamic modeling were in good
agreement with validated results for three different cooling scenarios. Mean absolute
values of relative errors were below 6%, and deviations between predicted and
experimental cell counts were within 0.37 log;o CFU/g. For a cooling process which was
in exact compliance with the FSIS stabilization performance standards, a mean net
growth of 1.37 log;o CFU/g was predicted.

This study introduced the combination of engineering modeling and
microbiological modeling as a useful quantitative tool for general food safety
applications, such as risk assessment and Hazard Analysis and Critical Control Points

plans.
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PREFACE

This dissertation consists of three chapters and three appendices. Chapter 1 is a
comprehensive review of literature that assimilates research concerned with modeling of
microbial growth under time-varying temperature conditions. Chapters 2 and 3 are
written as individual research articles. Chapter 2 is concerned with heat transfer
modeling, using finite element analysis, to predict cooling rates of large ready-to-eat meat
products under various air-chilling conditions. Experimental validation of the heat
transfer model under actual processing conditions is also included in Chapter 2. Chapter 3
presents a methodology by which the heat transfer model developed in Chapter 2 is
integrated with a dynamic Clostridium perfringens growth model. Chapter 3 also includes
experimental validation of the integrated model for heat transfer and dynamic growth in a
cured ham matrix. Appendix A presents a detailed derivation of the finite element method
for a two-dimensional axisymmetric transient heat conduction problem with combined
convective, radiative and evaporative boundary conditions. Appendix B includes all the
computer programs written in Matlab® 6.5 Release 13 for the solution of the heat transfer
model and for integration of this model with the dynamic C. perfringens growth model.
Finally, Appendix C includes experimental data collected during the course of the
research project, as well as a typical SAS program utilized for non-linear regression of C,

perfringens growth data.
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curve shown corresponds to replicate 1 at 35.0°C ...
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curve shown corresponds to replicate 2 at 35.0°C ...
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Fig. C.34  Clostridium perfringens growth kinetics at constant temperature and fit
of the explicit Baranyi model with 95% confidence bands. Growth
curve shown corresponds to replicate 2 at 45.0°C ...

Fig. C.35  Clostridium perfringens growth kinetics at constant temperature and fit

of the explicit Baranyi model with 95% confidence bands. Growth
curve shown corresponds to replicate 3 at 45.0°C ...,
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CHAPTER 1

MODELING MICROBIAL GROWTH UNDER TIME-VARYING

TEMPERATURE CONDITIONS IN FOOD PROCESSING: A REVIEW

This review will be published as:
Amézquita A, Weller CL. 2004. Modeling microbial growth under time-varying

temperature conditions in food processing: A review. Submitted to: Comp. Rev. Food

Sci. Food Saf.
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MODELING MICROBIAL GROWTH UNDER TIME-VARYING

TEMPERATURE CONDITIONS IN FOOD PROCESSING: A REVIEW

ABSTRACT

The concept of predictive food microbiology encompasses various traditional
disciplines such as mathematics, statistics, and microbiology with the purpose of
developing kinetic or probability models that describe the responses of microbial
populations to environmental (controlling) factors. Of particular interest within this
emerging field, is the modeling of microbial dynamics under fluctuating environmental
conditions, especially with respect to temperature, as it is normally encountered during
food processing. This poses a challenge when modeling growth, particularly because both
the lag and exponential phases need to be considered in model development. Factors such
as the effect of previous growing environmental conditions on the initial physiological
state of microbial cells have presented a considerable challenge for researchers in this
area. Furthermore, considering temperature the most influential factor on microbial
population dynamics in food processing environments, accurate predictions of product
temperature histories and profiles are necessary inputs for appropriate model
development. Nevertheless, integrated models of heat transfer and dynamic microbial
growth are lacking. This paper presents a comprehensive and critical review of existing
modeling techniques in the context of microbial growth under time-varying temperature
conditions, and introduces a proposed optimized methodology for effective integration of
engineering and microbiological modeling as a quantitative tool to support food safety

management strategies such as HACCP and microbiological risk assessment.
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INTRODUCTION

Predictive food microbiology is a research area that combines mathematical,
statistical and microbiological principles to predict quantitatively the behavior of
microbial populations in foods (Ross and others 2000). Predictive microbial models find
their most significant application in the area of food safety (McMeekin and others 1997,
Soboleva and others 2000), providing quantitative information necessary for the
development of safety assurance systems such as the Hazard Analysis and Critical
Control Points (HACCP) system (Baker 1995; Elliot 1996; Panisello and Quantick 1998;
Ross and McMeekin 1995), and for the establishment of Food Safety Objectives (FSO) in
the context of Microbiological Risk Assessment (MRA) (Buchanan and Whiting 1996;
Foegeding 1997; McNab 1997; Ross and McMeekin 2003; Soboleva and others 2000;
Walls and Scott 1997).

Predictive microbial models are generally summarized in the form of
mathematical equations. These equations are derived starting from the general principle
that microbial populations respond to environmental factors in a reproducible fashion,
and that by characterizing food environments in terms of those factors with greatest
influence on microbial growth and survival, it is possible to predict the responses of those
populations in similar food matrices, based on past observations (Ross and McMeekin
1994; Ross and others 2000). In the past decade, two books have been published that
comprehensively review the development, validation and application of predictive food
microbiology (McKellar and Lu 2004a; McMeekin and others 1993).

For many years, researchers in the area of predictive microbiology have preferred

the use of sigmoidal functions to fit microbial growth data collected under non-varying
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