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Abstract
Meta-analysis is an emerging approach in the food microbiology area to quantitatively
integrate the findings of individual studies on kinetic parameters of interest. Meta-analyses
provide global estimates of parameters with their variabilities, and give insight into the main
influencing factors on microbiological kinetics. This paper discusses the opportunities of
meta-analysis to generate sufficiently generic parameters − with their variability − for
quantitative microbiological risk assessments, and demonstrates how the output of a metaanalysis can be used to benchmark future studies in order to position new data in perspective.
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Introduction
Quantitative microbiological risk assessments (QMRAs) aim to quantify the risk related to the
consumption of food products and include the assessment of the severity of a microbiological
hazard (pathogens and/or toxins) and its likelihood of appearance (i.e. prevalence and
concentration) (Lammerding, 1997). The four cornerstones of a QMRA are hazard
identification, exposure assessment, hazard characterization, and risk characterization. During
the exposure assessment a farm-to-fork approach can be applied, meaning that all steps of a
food supply chain are quantitatively described in order to estimate the number of pathogens or
the concentration of toxins at the moment of consumption. QMRAs are more and more used
to set microbiological criteria and specifications in different steps of the food chain, to justify
measures, to predict the effects of interventions, for food safety legislation, and to obtain
insight into the most important phenomena responsible for the risks of foodborne diseases.
One of the main practical difficulties of QMRAs is the need for an enormous amount of data
for a wide range of kinetic parameters including their averages, variabilities and distributions.
An emerging approach to gather global estimates of kinetic parameters with their associated
variability is meta-analysis. A meta-analysis is a systematic analysis of a large collection of
data from individual studies aiming to integrate the findings and to produce a global estimate
of the effect of a particular intervention or treatment (Gonzales-Barron and Butler, 2011).
Because a meta-analysis provides a quantitative summary of results over a broad range of
individual studies, it allows not only to produce a global estimate of a parameter, but it also
gives information about its variability and the sources of heterogeneity among the data of the
individual studies. Moreover, the output of a meta-analysis can be used to benchmark future
studies in order to position new data in perspective.

Materials and Methods
The meta-analysis approach can be used to address various questions where a reasonable
amount of data exists. For several parameters needed to describe microbial behaviour, a
literature search was performed and freely accessible data bases were searched. All
quantitative data was structurally organized in databases on the question or parameter of
interest to include quantitative and qualitative information of the individual studies. The data
were then analysed for main explanatory factors and clustered to obtain global parameters
(with their variability) and more specific parameters (with their variability). Furthermore the
data bases were used to compare newly gathered data under specific conditions, to investigate
the relevance of the effect of these conditions (benchmarking).
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Results and Discussion
From a global to a product-specific parameter estimate
Large data sets for irradiation parameter D10 (Van Gerwen et al. 1999), concentration of
contaminants in air in factory environments (Den Aantrekker et al. 2003), sedimentation
velocities of micro-organisms (Den Aantrekker et al. 2003), heat inactivation parameters
(Van Asselt and Zwietering, 2006), and high hydrostatic pressure inactivation parameters
(Santillana-Farakos and Zwietering, 2011) were successfully gathered previously in our
laboratory and evaluated. Main influencing factors could be identified and global and more
specific estimations of the parameters with their attendant variabilities were estimated. The
quantitative evaluation of the collated heat inactivation data resulted in global estimations of
D-values and z-values for various foodborne pathogens. Many effects of factors reported to
affect the D-value, such as pH and water activity (aw) of the food product, species and strain
variability, were shown to be smaller in comparison with the variability of published Dvalues. Only a limited number of factors, including temperature, did have a significant effect
on the D-values. For Listeria monocytogenes 967 D-values were extracted from 14 individual
studies and only the presence of salt (10% w/v, or aw < 0.92) resulted in a significantly higher
heat resistance. The upper limit of the 95% prediction interval (PI) of the D-values, estimated
by integrating the data of all products excluding those with a low water activity (940 Dvalues), was used as a conservative estimation of the D-value (Table 1).
Table 1: D-values (Dref) at reference temperature (Tref) for Listeria monocytogenes in a wide
variety of products (all products), and for a more specific product group (dairy) and product
type (milk)
a
Product group
Dref (min)
Tref (ºC)
z (ºC)
All products
0.273 (0.045)
72
7
Dairy
0.104 (0.027)
72
6.4
Milk
0.091 (0.024)
72
6.2
a

Raw data were derived from the data set published by Van Asselt and Zwietering (2006) and represent
the upper 95% prediction interval D-values, and the mean D-values between brackets.

When a large data base is available for a specific product or product group, then one can
progress to a less conservative estimate which is based on a still sufficiently generic data set.
The data set of Van Asselt and Zwietering (2006) included 280 D-values obtained in dairyrelated products including 226 from milk. These data were further analysed to derive global
D-value estimates for dairy products and more specific also for milk (Table 1). The lower
variability between individual studies resulted in smaller 95% prediction intervals.
Segregation by product type requires ample data sets to include variability between individual
studies that can be attributed to factors such as experimental design, strain, laboratory, etc.
When these data sets are available, then global estimates of parameters (with their variability)
can be obtained for specific product groups.

Benchmarking new data
Both for heat inactivation and high hydrostatic pressure inactivation data, new literature
information could be easily benchmarked using the data in the databases, showing the
relevance of the studied effects in these studies. Van Asselt and Zwietering (2006) showed
that the heat resistance of Salmonella species was neither significantly affected by product
types or media nor by stain variability, pH and aw (1141 data extracted from literature). Only
chocolate had a significant protective effect on Salmonella as inactivation in this product type
resulted in remarkably high D-values and z-value (Figure 1).
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Figure 1: Heat resistance of Salmonella species in various food products and media (), and
in chocolate () as published by Van Asselt and Zwietering (2006). The solid line represents
the linear regression of log D on the temperature and the dotted line represents the upper 95%
prediction level. And the heat resistance of outbreak-associated Salmonella strains () and
Salmonella strains obtained from other sources () in peanut butter as published by Ma et al.
(2009).
This knowledge can be used to benchmark new published information. A recent publication
reported the heat resistance of three sets of Salmonella strains in peanut butter, including
strains isolated from patients associated with a peanut butter outbreak, culture collection
strains and clinical isolates from sporadic cases (Ma et al. 2009). The heat resistance of the
outbreak-associated strains were found to be more heat resistant at 90ºC than the other
Salmonella strains. However, when the D-values in peanut butter of the three different sets of
strains were combined with the data set of Van Asselt and Zwietering (2006), then the heat
resistance differences between the three sets of strains became – although significant – less
obtrusive (Figure 1). The heat resistance of Salmonella in peanut butter was lower than those
in chocolate as reported by Van Asselt and Zwietering (2006), but noticeably higher
compared to inactivation in other product types. The product characteristics of peanut butter
and chocolate – both high in fat content and low aw – might have contributed to the protective
effect during heat inactivation in these product types. Because inactivation of Salmonella in
both peanut butter and chocolate resulted in remarkably high D-values, it strengthened the
separation of these product types from others, although these separative conclusions were
based on a rather limited number of data collected for peanut butter (12 D-values) and for
chocolate (20 D-values). The integration of new published data in an existing database can
put new data in perspective, and highlights the prospects of meta-analysis to evaluate new
data.

Conclusions
Meta-analysis is an emerging methodology in the area of food microbiology to systematically
and critically collate a large number of individual studies and to quantitatively integrate their
findings. When compiling comprehensive microbiological data from individual studies of
different laboratories, several issues will be encountered. The overlap between individual
studies can be rather limited as many differences can occur in the experimental set ups of
individual studies, such as the strain(s) of choice and the intrinsic and extrinsic factors of the
experiments. Therefore, often more than one variable has been changed between different
studies, which make it unfeasible to quantify the effect of a single variable and urging to
firstly focus on global estimation of parameters. Meta-analysis allows to quantitatively
synthesize information and translate this into global parameter estimates and their
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corresponding variabilities. The differences between individual studies can contribute to
rather high variabilities of parameter estimates, allowing to make conclusive separations of
main effects. When ample data sets are available for a specific product types or effects, then
progressing to a more detailed segregation level provides opportunities for less conservative
estimations of parameters without forfeiting safety margins. The generation of sufficiently
generic information, with its variability, is of importance to supply QMRAs with relevant
data. Database building on the reviewed question or parameter reveals also a clear picture of
the present knowledge, and can highlight areas where there is insufficient or an absence of
information on factors that might affect the parameter of interest, and can therefore provide
direction for future research. Moreover, systematically structured data bases on parameters
give prospects to evaluate new published data, allowing to evaluate new findings and position
them in perspective.
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