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Executive Summary

Introduction
The critical review of existing exposure assessment models can contribute to the advancement
of microbiological risk assessment. Discussions between the FAO/WHO secretariat and the
expert drafting group determined the need for a comparison of existing exposure assessments
to characterize the state of the art in the practice of risk assessment. Such a comparison would
identify similarities and differences between existing models. This approach should be
beneficial to future exposure assessments of this pathogen-commodity combination.

The review intends to identify those methods that were most successful in previous exposure
assessments, and also recognize the weaknesses of those assessments as a result of
inadequate data or methodology.  Although no specific risk management direction was
provided for this report, the findings should be useful for future risk management.

Objectives
The purpose of this report is to compare existing techniques and practices used to construct
an exposure assessment for Salmonella Enteritidis in eggs. Its purpose is to provide a
framework for future exposure assessments of this pathogen-commodity combination.

The scope of this analysis is limited to the probability of human exposure associated with eggs
that are internally contaminated with Salmonella Enteritidis. The analysis and conclusions are
similarly focused to only apply to currently understood mechanisms and variables as used in
previous exposure assessments. Therefore, caution should be exercised in interpreting this
report in relation to data that has become available since these models were completed.

Approach
Five previously prepared exposure assessments of Salmonella Enteritidis in eggs were
reviewed. Of these, three exposure assessments were selected for in-depth comparisons.

These were:

USDA-FSIS-FDA. Salmonella Enteritidis risk assessment: Shell eggs and egg products. Final
Report. June 12, 1998.

Health Canada. Salmonella Enteritidis risk assessment model. Unpublished.



DRAFT: DO NOT CITE OR QUOTE

III

Whiting R.C. and Buchanan R.L. (Whiting). Development of a quantitative risk assessment
model for Salmonella Enteritidis in pasteurized liquid eggs. International Journal of Food
Microbiology 36:111-125, 1997.

Four stages of a "farm-to-table" exposure assessment were defined: production, distribution
and storage, egg products processing, and preparation and consumption. The production
stage considers the laying of Salmonella Enteritidis contaminated eggs. The distribution and
storage stage considers the time between lay and preparation of egg-containing meals. The
egg products processing stage considers commercially broken eggs that are usually
pasteurised. The preparation and consumption stage considers the effects of different meal
preparation practices and cooking.

The USDA-FSIS-FDA exposure assessment included all four of these stages of an exposure
assessment. The Health Canada model included production, distribution and storage, and
preparation/consumption, but did not cover egg products processing. The Whiting model
focused on egg products processing, but it also included elements of the production and
distribution/storage stages.

Generally, data considered in this analysis applies to either occurrence or concentration of
Salmonella Enteritidis. Specific data used in previous exposure assessments are presented
and discussed for each of the model stages. To provide a more complete description of
available data, a summary of published and non-published research on Salmonella Enteritidis
occurrence and concentration was undertaken. Although some of these data are not used in
the three previously prepared exposure assessments, their inclusion in the report provides
currently available data that could assist future exposure assessments.

Key findings
Accurate estimates of prevalence inputs require that surveillance data be adjusted to account
for likelihood of detection and other biases. The USDA-FSIS-FDA model includes such
adjustments, but the other two models do not.

In the distribution and storage stage, there is a need to separately model growth for each
distinct pathway to account for different time and temperature distributions. Growth of
Salmonella Enteritidis inside eggs was sensitive to assumed temperature distributions at retail
and consumer storage in two exposure assessments. When time and temperature inputs are
similarly defined, the USDA-FSIS-FDA and Health Canada models give similar predictions
(see Figure 1).
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Figure 1: Comparison between USDA-FSIS-FDA and Health Canada models. On the left are
predicted distributions of logs of growth for those contaminated eggs in which growth occurs.
On the right are these predictions when the USDA-FSIS-FDA model temperature inputs are
modified to be similar to the Health Canada model inputs.

The USDA-FSIS-FDA and Whiting models of the egg products processing stage predicted
wide variability in pasteurization effectiveness. This finding substantially influences the
predicted number of Salmonella Enteritidis remaining in egg products after pasteurising.

The USDA-FSIS-FDA model predicts an increased probability of exposure associated with
pooling of eggs in the preparation stage, while the Health Canada model shows a decrease in
probability of exposure associated with egg pooling. This difference occurs because the Health
Canada model does not include post-pooling growth and restricts pooling scenarios to those
only involving scrambled egg meals. If more diverse pooling scenarios were considered in the
Health Canada model, then pooling might more significantly contribute to probability of illness
in that model.

Gaps in the data
Data relating to the ecology of Salmonella Enteritidis in eggs are needed. This need is
seemingly universal in its application to previous and future exposure assessments.

It was recognized that estimating the number of Salmonella Enteritidis contaminated eggs at
the production stage was based on data from, at most, 63 eggs. More epidemiologic and
enumeration data would improve modelling of egg contamination.

To assess preharvest interventions, more data are needed on the prevalence of Salmonella
Enteritidis in breeder and pullet flocks, as well as in feedstuffs. In particular, associations
between the occurrence of Salmonella Enteritidis in these preharvest steps and its occurrence
in commercial layers should be quantified.

0%

10%

20%

30%

40%

50%

0.
33

1.
00

1.
67

2.
33

3.
00

3.
67

4.
33

5.
00

5.
67

6.
33

7.
00

7.
67

8.
33

9.
00

9.
67

Logs of Growth

Fr
eq

ue
nc

y

USDA-FSIS, 1998 Health Canada, unpublished

0%

10%

20%

30%

40%

50%

0.
33

1.
00

1.
67

2.
33

3.
00

3.
67

4.
33

5.
00

5.
67

6.
33

7.
00

7.
67

8.
33

9.
00

9.
67

Logs of Growth

Fr
eq

ue
nc

y

USDA-FSIS, modified Health Canada, unpublished



DRAFT: DO NOT CITE OR QUOTE

V

Better data on time and temperature, specifically in relation to egg storage would serve to build
confidence in modelling. The importance of time and temperature distributions in predicting
growth of Salmonella Enteritidis in eggs – combined with the lack of reliable data to describe
these distributions – highlights the need for these data.

The high degree of uncertainty and variability in cooking effectiveness inputs noted in the
comparison of the models also highlights the need for more research on these inputs.

To predict the effectiveness of regulatory standards concerning egg products, there is a need
for additional data concerning the concentration of Salmonella Enteritidis in raw liquid egg
before pasteurization.

The exposure assessments considered in this report primarily relied on relevant North
American data. Additional data will need to be collected to conduct exposure assessments in
countries where egg contamination with Salmonella Enteritidis is different. For example,
countries will probably need to assess the prevalence of Salmonella Enteritidis in their egg
industry. Also, marketing fractions, times and temperatures of storage, and preparation and
cooking practices will probably differ in other countries. Therefore, these inputs to an exposure
assessment will need to be estimated from country-, or purpose-specific data.

Conclusions
This report identifies similarities and differences between previously prepared exposure
assessments of Salmonella Enteritidis in eggs. Potential pitfalls, important data analysis, and
critical data needs are reported for each stage of a "farm-to-table" exposure assessment. This
report does not intend to provide detailed guidelines on how to conduct an exposure
assessment of this pathogen-commodity combination. Additional work is required to develop
such guidelines. In addition to this report’s findings, those wishing to complete such an analysis
should refer to the original papers cited in the report, as well as risk analysis texts.

Many similarities were found in the approaches used by the three exposure assessments
analysed in this report. For example, the distributions for initial number of Salmonella
Enteritidis per egg were derived in a similar manner. The growth equations were similar, as
were the pasteurization equations. Often, the same distribution types were used to model the
same inputs, although different parameters might be specified. The modelling approaches –
for example the pathways considered, and the factors modelled – were very similar.

It was concluded that Salmonella Enteritidis exposure assessments should model growth and
preparation/consumption as one continuous pathway. In this manner, growth and decline of
Salmonella Enteritidis is explicitly modelled as dependent on the pathway considered.

Predictive microbiology should be common to any exposure assessment of
Salmonella Enteritidis in eggs. Because environmental conditions differ on an international
level, time and temperature distributions may be different between analyses. Yet, it was
concluded that the predictive microbiology equations used in future exposure assessments
could be similar.
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Careful attention should be placed on areas in preparation and consumption where the product
changes form or the units change. Pooling eggs into a container creates a product distinctly
different from shell eggs. This product is able to support immediate bacterial growth and its
storage should be modelled as a unique event.

Given the lack of published evidence on relevant egg consumption and preparation practices
among populations of end-users, the preparation and consumption stage of an exposure
assessment is the most difficult to accurately model. Even with perfect information, this stage is
very complicated. Multiple pathways reflecting multiple end-users, products, practices, and
cooking effectiveness levels ensure that the preparation and consumption stage has many
difficulties. Nevertheless, the strides taken in previous models can serve as reasonable starting
points for subsequent analyses.

Limitations common to the models compared in this report include; lack of consideration for
possible re-contamination of egg products following pasteurization and/or cooking, and no
consideration of cross-contamination of other foods from Salmonella Enteritidis contaminated
eggs. Furthermore, the results and conclusions of these models are dependent on
conventional assumptions regarding mechanisms of egg contamination. These mechanisms
suggest that Salmonella Enteritidis contamination in eggs is initially restricted to albumen and
that such contamination enters eggs during their formation inside hen’s reproductive tissues.
Also, the growth kinetics estimated for these models are not necessarily representative of all
Salmonella Enteritidis strains or other Salmonella serotypes.

While these models are similar to one another, and provide common stages of an exposure
assessment, they may require substantial reprogramming to be useful to some countries or
regions where the situation is markedly different from that in North America. Such
reprogramming may be limited to changing some input distributions, but may also require
eliminating or adding some variables or parameters to the models.

Recommendations
The scope of an exposure assessment should be clearly defined and its objectives clearly
stated.  The existing exposure assessment models – in combination with dose-response
models developed for Salmonella species - can be used to evaluate some mitigation
strategies, but the applicability of their findings would most likely be limited to the countries for
which the model inputs were derived.

Because the predictive microbiology of Salmonella Enteritidis in eggs is considered common to
any exposure assessment of this pathogen-commodity combination, its progress and further
development are encouraged. A central repository of data on the mathematical behaviour of
Salmonella Enteritidis in eggs should be established.  FAO and WHO should consider
supporting this initiative.

In parallel with the current work to develop guidelines for hazard characterization, FAO/WHO
should facilitate the development of guidelines for exposure assessments, including
approaches to be used when data are limited or only semi-quantitative in nature.
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Interpretive summary

The purpose of this report is to explain existing techniques and practices used to construct an
exposure assessment for Salmonella Enteritidis in eggs.  Its aim is to provide a framework for
future exposure assessments of this product-pathogen pair. The four staged inputs for
discussion include production, distribution and storage, egg products processing, and
preparation and consumption.

The production component of an exposure assessment should include estimates of flock
prevalence, egg contamination frequency in infected flocks, and number of Salmonella
Enteritidis per contaminated egg.

Flock prevalence is arguably a fixed value, but one for which uncertainty can be substantial.
Apparent flock prevalence evidence from surveys that use imperfect diagnostic assays should
be adjusted for expected bias.  Several methods are available to make these adjustments.

Egg contamination frequency should be a variable input to a Salmonella Enteritidis exposure
assessment.  Yet, data are needed to accurately estimate the proportion of flocks with varying
egg contamination frequencies.  An alternative to Modeling egg contamination frequency as a
continuous distribution is to stratify flocks into two or more categories and model the estimated
egg contamination frequency separately for each category.  Such an approach provides more
information to risk managers regarding control options.

The concentration of Salmonella Enteritidis in contaminated eggs is also a variable input.
Evidence that associates modulation in numbers of Salmonella Enteritidis per egg with
causative factors (i.e., strain of Salmonella Enteritidis, hen strain, environmental conditions)
would provide analysts with better methods for Modeling this input.  Lacking such evidence,
however, suggests that most Salmonella Enteritidis exposure assessments will rely on the
same evidence used by previous exposure assessments.  Therefore, it is expected that this
input will be common to most models.

Important inputs to include in the distribution and storage stage of the exposure assessment
model are algorithms for predicting the microbial dynamics within eggs, time and temperature
distributions, and marketing fractions.  Egg thermodynamics may also be explicitly modelled to
simulate internal egg temperature as a function of ambient temperature.

The distributions of times and temperatures to which eggs are exposed are fixed but unknown.
The best approach is to model a series of frequency distributions that describe times and
temperatures for storage and handling.  This requires running a series of simulations in which
each simulation uses one frequency distribution for all iterations in that simulation.  The results
of different simulations describe the uncertainty in the model’s predictions.  Such an approach
has been termed second-order Modeling and its intent is to separate variability from
uncertainty in Modeling results.
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We recommend that Salmonella Enteritidis exposure assessments model growth and
preparation/consumption as one continuous pathway. In this manner, growth and decline of
Salmonella Enteritidis is explicitly modelled as dependent on the pathway considered.
Furthermore, the concentration of Salmonella Enteritidis per serving is clearly modelled as a
function of the pathway using this approach.

Predictive microbiology should be a common component of any exposure assessment of
Salmonella Enteritidis in eggs.  Because environmental conditions differ on an international
level, time and temperature distributions may be different between analyses.  Yet, we expect
that microbial behaviour within eggs is consistent regardless of location.

Inputs to an exposure assessment of Salmonella Enteritidis in egg products should include the
concentration of Salmonella Enteritidis in raw liquid product and the effectiveness of
pasteurization.  A dramatic result of analysis conducted in this stage is the variability in
pasteurization effectiveness.  This variability is predicted from linear regression analysis.   To
incorporate uncertainty about pasteurization effectiveness, other analytic techniques (e.g.,
bootstrapping or jackknifing) could be used.  Such techniques then allow the explicit separation
of variability and uncertainty in this analysis.

The preparation and consumption stage is concerned with the defined end-users of eggs, the
manner in which these end-users store and prepare their eggs, and the effectiveness of
practices these end-users apply to destroy Salmonella Enteritidis bacteria in prepared meals.

Careful attention should be placed on those areas in preparation and consumption where the
product changes form or the units change.  Pooling eggs into a container creates a product
distinctly different from shell eggs.  This product is able to support immediate bacterial growth
and its storage should be modelled as a unique event.

Given the dearth of published evidence on relevant egg consumption and preparation
practices among populations of end-users, the preparation and consumption component of an
exposure assessment is the most difficult to accurately model.  Unfortunately, even with
perfect information, this component is very complicated.  Multiple pathways reflecting multiple
end-users, products, practices, and cooking effectiveness levels guarantee that the
preparation and consumption component is fraught with difficulties.  Nevertheless, the strides
taken in previous models can serve as reasonable starting points for subsequent analyses.
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Introduction

Purpose

The practice of risk assessment will be advanced through critical review of existing exposure
assessment models.  Discussions between the Salmonella Enteritidis in Eggs drafting group
and the FAO/WHO secretariat determined the need for a comparison of existing exposure
assessments to characterize the state of the art in the practice of risk assessment.  Such a
comparison would identify similarities and differences between existing models.  It was felt that
this approach would be beneficial to future exposure assessments of this product-pathogen
combination.

The purpose of this report is to explain existing techniques and practices used to construct an
exposure assessment for Salmonella Enteritidis in eggs.  Its aim is to provide a framework for
future exposure assessments of this product-pathogen pair.  Modeling of Salmonella
Enteritidis in eggs should be improved through critical analysis and understanding of existing
exposure assessments. Three previously completed exposure assessments serve as case
studies for this analysis.

This review intends to identify those methods that are most successful in previous exposure
assessments, and recognize the weaknesses of those assessments resulting from inadequate
data or methodology.  Although no specific risk management direction was provided for this
report, its findings should be useful for future risk management.

This report does not provide detailed instructions on constructing an exposure assessment.  It
also does not simply reproduce the contents of previously written reports.  Instead, we want to
highlight practices, techniques, and inputs that are common to most, if not all, quantitative
exposure assessments of Salmonella Enteritidis in eggs.  Specific models are often designed
for specific objectives.  Therefore, each model may be different in important ways.
Nevertheless, we believe the components and inputs we present in this report are useful to
any exposure assessment of this product-pathogen pair.  Those wishing to complete such
analysis, however, should refer to the original reports cited here, as well as risk analysis texts.

The scope of this analysis is limited to human exposure risk associated with eggs that are
internally contaminated with Salmonella Enteritidis.  The analysis and conclusions are similarly
scoped to only apply to currently understood mechanisms and variables as incorporated in
previous exposure assessments.  Therefore, caution should be exercised in interpreting this
report in the context of data that has become available since these models were completed.

Chapter

1
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Organization

This report outlines the components of an exposure assessment of Salmonella Enteritidis in
eggs.  By evaluating the methods used in previously completed quantitative exposure
assessments, it is our intent to inform subsequent national exposure assessments of this
pathogen-product pair.  Exposure assessments depend on data.  Therefore, this report also
summarizes data used in previously completed exposure assessments, as well as the
international data  pertaining to Salmonella Enteritidis in eggs.

While components of individual models may differ, we endeavour to explain the similarities
among the models.  For example, this report is structured in model stages that are common to
any farm to table exposure assessment.  Data used as model inputs may differ depending on
the particular situation (e.g., country or product), but the form of the data and Modeling are
generally similar across models.

Some inputs to a Salmonella Enteritidis in eggs exposure assessment may be common
between different countries.  We describe these common inputs and how they have been
modelled in previous analyses.  In addition, we present a bibliography of relevant literature for
each stage of the model.

The four stages discussed include production, distribution and storage, egg products
processing, and preparation and consumption.  For each stage, we discuss common inputs,
data, and methods used in previous exposure assessments.

Components of an exposure assessment

A generic outline for quantitative exposure assessments of foodborne pathogens includes: 1)
prevalence of the pathogen in raw food ingredients, 2) changes in the organisms per
volume/weight of material subsequent to production, and 3) preparation and consumption
patterns among consumers.  Similarly, an exposure assessment for Salmonella Enteritidis in
table eggs consists of three main components: production, distribution and storage, and
preparation and consumption.  If the exposure assessment is concerned with commercially
packaged liquid or dried egg products, then the analysis should have this additional
component (Figure 1-1).

Production

The production stage models the frequency of contaminated eggs at the time of lay and the
level of bacteria initially present in contaminated eggs.

Distribution and storage

The distribution and storage stage models growth in the number of Salmonella Enteritidis
organisms between laying of a contaminated egg and its preparation for consumption.   Times
and temperatures during storage and transportation can affect the microbe numbers within
contaminated eggs.
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Egg products processing

The egg products stage models the occurrence and concentration of Salmonella Enteritidis in
egg products.    

Preparation and consumption

The preparation and consumption stage models the effects of meal preparation and cooking
on the number of Salmonella Enteritidis in egg containing meals.  Eggs may travel different
pathways depending on where they are used, how they are used, whether they are cooked,
and to what extent they are cooked.  Each of these pathways is associated with a frequency of
occurrence and a variable number of servings.  In addition, environmental conditions may
differ for each pathway.

Figure 1-1.  Schematic diagram showing the four general stages composing a farm to table
exposure assessment of Salmonella Enteritidis in eggs.

Previous exposure assessments

We identified five risk assessments that were previously conducted for Salmonella Enteritidis
in eggs.  A brief summary of each follows.

• Salmonella enteritidis and eggs: Assessment of risk.  George K. Morris. 1990. Dairy,
Food, and Environmental Sanitation, 10(5):279-281.

This simple analysis was conducted soon after the identification of the
Salmonella Enteritidis epidemic in the US.  Data revealed that less than one
in 1000 eggs from infected flocks was contaminated. An infected hen lays
one contaminated egg in every 200, leading to an overall prevalence in
endemic areas of one in 10,000 to 14,000 eggs produced.  Approximately
0.9% of eggs are eaten without cooking. Morris’s report summarizes

Production Preparation
Consumption

Distribution
Storage

Egg Products
Processing
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Salmonella Enteritidis outbreaks and contributing risk factors for human
infection.  These include poor refrigeration practices, improper storage of
pooled eggs, use of raw eggs, substantial time/temperature abuse of eggs,
and exposure of highly susceptible individuals, and others.  The report also
includes pertinent facts Salmonella Enteritidis and eggs. Among the critical
facts listed are that Salmonella Enteritidis has usual sensitivity to heat and is
destroyed by pasteurization and cooking.  Organisms may grow rapidly in
egg mixtures (up to one log per hour), and warm summer temperatures may
allow Salmonella Enteritidis to grow within shell eggs.

The analysis concludes by separating humans into four risk groups.

1. Healthy adults who usually eat fully cooked eggs.  The prevalence of
contaminated eggs (i.e., one in 14,000) and the frequency of consuming
raw eggs (0.9%) equates to a risk of one in 1.6 million eggs consumed.
If an individual consumes 250 eggs per year and lives to 80 years old,
the risk is reportedly one in 80 lifetimes.

2. Healthy adults who frequently eat sunnyside, soft boiled, and other less
thoroughly cooked eggs.  The risk for this group is not quantified, but
thought to be higher than the first risk group.

3. Healthy adults who eat eggs not fully cooked and frequently eat at
restaurants and other places where pooling and abusive storage of eggs
are possible.  The risk for this group is thought to be proportional to the
number of eggs pooled.  If 10 eggs are pooled, the risk is 10 times
greater.  A specific quantification of risk for this group was not provided.

4. More susceptible individuals who eat higher risk products like the group
above.  These individuals include residents of nursing homes and
hospitals.  No quantification of their risk is provided, but they are likely to
be the population most at risk.

The assertions in Morris’s analysis are not referenced by cited research or
data, but the mechanics of the analysis should be transparent to most
readers.

A farm to table exposure assessment should consider all possible scenarios
where human illness results from Salmonella Enteritidis in eggs.  This
analysis is limited in the scenarios it considers and is, for the most part, non-
quantitative.  Therefore, we did not consider this analysis in our comparative
evaluation of different risk assessments.

• Risk assessment of use of cracked eggs in Canada.  Ewen C.D. Todd.  1996.
International Journal of Food Microbiology 30:125-143.

The objective of this analysis was to determine the probability of illness
associated with consuming cracked shell eggs in Canada.  Eggs with cracks
in the shell are considered hazardous because their contents are potentially
exposed to pathogens more readily than eggs with intact shells.  The hazard
identification evaluated the possible association of Bacillus, Campylobacter,
Salmonella, Staphylococcus aureus, Yersinia enterocolitica, E. coli O157:H7
and Listeria monocytogenes with cracked eggs and human illnesses.
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Salmonella was the only hazard conclusively linked to human illness in this
assessment.  Therefore, Salmonella was the only hazard used in further
analysis.

Research was cited demonstrating that Salmonella can penetrate the shells
of intact eggs.  Nevertheless, it was concluded that little growth of Salmonella
organisms would occur unless these organisms gained access to the yolk.

Research was cited demonstrating that between 1.3% and 6.3% of eggs
examined in Canada were cracked.  Risk factors noted to be associated with
processing include washing and rapid cooling.  Both of these factors were
thought to reduce shell integrity and make cracks more likely to occur.

Research was cited demonstrating that Salmonella was more likely to be
isolated from cracked eggs than intact eggs.

The number of cracked shell eggs was estimated by multiplying the fraction
of all eggs that are cracked by the number of eggs produced annually in
Canada.  To determine the illness burden, 13 outbreaks involving shell eggs
were analyzed and five were identified as associated with cracked eggs.
Given the estimated ratio of cracked to uncracked eggs, and the ratio of
outbreaks associated with cracked eggs to those associated with intact eggs,
a relative risk of 23:1 was calculated.  Uncertainty analysis suggested the
relative risk might range from 3:1 to 93:1.

Todd estimated that 10,500 cases per year are associated with cracked eggs
by using reported human cases adjusted for underreporting.  The risk of
illness was calculated as one in 3800 cracked eggs consumed using an
estimated exposure to 40 million cracked eggs.

This exposure assessment is transparent and data-based.  It relies on human
epidemiologic data to determine the illness burden associated with cracked
eggs.  Substantial uncertainty attends its estimates, but these are probably
more defensible than a mechanistic farm to table model based on limited
evidence.  On the other hand, assumptions regarding correspondence of
eggs to cases are problematic because a single egg may contribute to many
servings. This effect is not captured by the analysis conducted here.
Furthermore, the lack of a mechanistic explanation of the chain of events
leading to illness makes risk management options difficult to evaluate.
General policies – such as requiring all cracked eggs to be pasteurized – can
be reasonably evaluated with this approach.  Yet, more subtle interventions –
such as requiring strict temperature control of cracked eggs – cannot be
easily analyzed without a mechanistic Modeling approach.

Because this analysis is not a farm to table exposure assessment that
incorporates quantitative estimates of components such as described above,
we did not include it in our comparative evaluation of exposure assessments.
The approach used in this analysis is meaningful for certain types of
exposure assessments that require rapid approximations of risk.  In
particular, screening risk assessments could be based on this approach to
determine if a problem deems further, more time consuming, analysis.
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• Development of a quantitative risk assessment model for Salmonella enteritidis in
pasteurized liquid eggs.  Richard C. Whiting and Robert Buchanan.  1997.
International Journal of Food Microbiology 36:111-125.

This farm-to-table quantitative risk assessment estimates the potential risks
associated with consuming mayonnaise prepared from pasteurized liquid
whole eggs.  Although it does not consider all possible pathways that might
lead to illness from pasteurized egg products, it consists of many of the
components of an exposure assessment listed above.  Therefore, we include
this analysis in our comparative evaluation of exposure assessments.

The exposure assessment model includes inputs on the proportion of
commercial flocks that are Salmonella Enteritidis affected (i.e., contain
infected birds), the frequency that infected flocks produce contaminated
eggs, the numbers of Salmonella Enteritidis in contaminated eggs, and the
influence of time and temperature abuse on growth of Salmonella Enteritidis
before and after pasteurization. This model also includes an input that
predicts the effectiveness of pasteurization when applied according to
regulatory standards. Time, temperature, and pH inputs are varied to
demonstrate their influence on the number of Salmonella Enteritidis
organisms that remain in a serving of home-made mayonnaise prepared
using pasteurized egg product.

This assessment determined that pasteurization does reduce consumer risk
associated with high prevalence of Salmonella Enteritidis infection in flocks,
as well as time/temperature abuse of contaminated eggs before
pasteurization.  Nevertheless, inadequate pasteurization temperatures and
temperature abuse during post-pasteurization storage were associated with
increased risk of human Salmonella Enteritidis exposure and illness.

• Salmonella Enteritidis risk assessment: Shell eggs and egg products.  Final
report.  United States Department of Agriculture-Food Safety and Inspection
Service.  1998.  U.S. Government Printing.

This farm-to-table quantitative risk assessment model examines the human
illness risk associated with Salmonella Enteritidis in shell eggs across an
exhaustive number of consumption pathways.  It also examines the levels of
Salmonella Enteritidis in liquid egg products before and after pasteurization.
It contains the components of an exposure assessment listed above and is
included in our comparative evaluation of such analyses.

The exposure assessment model estimated the unmitigated risk of
exposures resulting from consumption of table eggs that are internally
contaminated with Salmonella Enteritidis.  In concert with a hazard
characterization, the baseline exposure assessment was then used to identify
target areas along the farm-to-table continuum for risk reduction activities.
These target areas could be further evaluated to compare the public health
benefits accruing from the mitigated risk of Salmonella Enteritidis eggborne
illness resulting from various intervention strategies.  Furthermore, the
exposure assessment was used to identify data gaps and guide future
research efforts.
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Example mitigations included reduction of storage times and temperatures,
reduction in the prevalence of infected flocks, and diversion of contaminated
eggs.  These were examined to evaluate the proportional effect on estimated
human cases per year.  Diversion of contaminated eggs resulted in a direct
reduction in human cases, as did a mitigation strategy that combined
reduction of the prevalence of infected flocks with reduction in storage times.
Other mitigation scenarios were less efficient, but the costs of achieving any
of the intervention strategies were not considered.  A specific policy requiring
storage of eggs at an ambient temperature of 45 F before and during
processing resulted in an average 8%-12% reduction in human cases per
year.

• Health Canada Salmonella Enteritidis in eggs risk assessment.  Health Canada.
Unpublished.

This farm-to-table quantitative risk assessment focuses on Salmonella
Enteritidis in table eggs.  We were given a copy of the spreadsheet model for
review and analysis.  The model consists of all components of an exposure
assessment except egg products processing.  Therefore, we include this
model in most of our comparative evaluation of exposure assessments.
Nevertheless, our interpretation of Modeling techniques and data are limited
to the information contained within the spreadsheet model itself.  Although
the model is well documented, we cannot rule out the possibility of
misinterpretation or misrepresentation of this model in our analysis.

The Whiting (1997), FSIS-USDA (1998), and Health Canada (unpublished) exposure
assessments are discussed and the data quality and biases are evaluated.  We also compare
the pathways modelled in these exposure assessments.  Our discussions also include the
issues of variability and uncertainty.  These concepts are important in the field of risk
assessment.  Variability describes naturally occurring observable differences within or between
populations.  Uncertainty describes our confidence about the true value of some parameter, or
the frequency distribution of some variable.  Uncertainty can be reduced by the addition of
evidence but variability cannot be changed without some intervention in the physical world.
The explicit separation of variability and uncertainty for model inputs and outputs is a goal of
risk assessors.  Such separation allows decision-makers to understand how model outputs
might improve if uncertainty were reduced.  Yet, accomplishing this separation is a daunting
task.   Therefore, we describe model inputs as uncertain, variable or both.  We also introduce
methods for separating uncertainty and variability for inputs, as well as for model outputs.

Our comparison of these three exposure assessments should heighten the transparency of
the underlying analyses.   Exposure assessments should be transparent to decision-makers.
Through discussion and critical review, understanding of the exposure assessments examined
in this report should improve.
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Production

The production component of a Salmonella Enteritidis exposure assessment will produce an
output consisting of a distribution of contaminated eggs at varying levels of contamination.
This distribution describes the frequency of eggs that contain Salmonella Enteritidis bacteria
per unit time or per egg.  Additional outputs might describe the fraction of Salmonella
Enteritidis contaminated eggs by geographic region, by flock type (e.g., battery or free range),
or by other factors that distinguish egg production facilities (e.g., flock size).

Inputs to a production component include: the prevalence of infected flocks, the frequency at
which infected flocks produce contaminated eggs, the number of Salmonella Enteritidis
bacteria initially present at the time of lay (or soon thereafter), and possibly moulting practices.
These data may be derived from several sources including prevalence studies of Salmonella
Enteritidis in layer flocks, epidemiologic studies on risk factors, transmission study results,
industry demographic data, and experimental or survey data concerning the concentration of
organisms in, or on, infected animals or their products.

Prevalence data are usually adjusted for sensitivity and/or specificity of the diagnostic assay
used.  In this context, sensitivity describes the frequency that truly infected hens or flocks are
detected using surveillance or testing protocols.  Specificity describes the frequency that truly
non-infected hens or flocks are properly classified as non-infected.  Because diagnostic tests
for the presence of Salmonella Enteritidis are based on microbiologic culture, most analysts
assume that specificity is 100%.   Surveys typically use diagnostics tests with imperfect
sensitivity and do not sample all birds in the flock.  Imperfect laboratory tests result in biased
estimates of the number of infected hens in flocks.  Sampling less than 100% of the birds in a
flock can result in misclassification of infected flocks.

The availability of detailed epidemiologic data provides better risk assessments.  Increased
detail provides information that is more precise for decision-making based on risk
assessments.  For example, the proportion of all eggs in a country or region that are
contaminated can be calculated from: 1) an estimate of the proportion of flocks containing
Salmonella Enteritidis infected hens, and 2) the proportion of eggs laid by these flocks which
are contaminated. An estimate of the contaminated egg proportion could be derived from a
random sampling across all egg production but such an approach is extremely costly and not
useful for analysis of mitigation of the risk to humans when the estimate is unattached to
producing flock status.  For example, if a random sample of eggs across the country estimated
that 1 egg in 20,000 was contaminated, this information may be of little value to decision-
makers without information about spatial and temporal clustering of infected flocks.  We could
not determine whether some flocks produce contaminated eggs more frequently than others
do (i.e., spatial clustering), nor could we determine if there were certain times when flocks
produce more contaminated eggs (i.e., temporal clustering).

Chapter

2
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Many factors contribute to variability in the production of contaminated eggs.  These include
regional differences in flock prevalence – if egg marketing is regional – and flock age.  Other
factors (e.g., stage of infection in flock, season, control efforts by management) may also
modulate within-flock prevalence and egg contamination frequency.  Moult status of flocks is a
proven risk factor that can influence flock to flock variability in egg production and egg
contamination frequency.

Flock prevalence

By definition, flock prevalence is the proportion of flocks containing one or more birds infected
with Salmonella Enteritidis.  Contaminated eggs can only be produced by infected flocks.
Therefore, exposure assessments must concentrate on these flocks.

Flock prevalence data always represents apparent prevalence.  Apparent prevalence is the
observed prevalence without accounting for the effects of diagnostic test imperfections.  For
our purposes, apparent prevalence equals the true prevalence of infection times the sensitivity
of the methods used to generate the observations.

Most evidence suggests that infected flocks remain infected for most of their productive life.
Hens usually begin egg production at about 20 weeks of age.  Flocks usually become infected
soon after immature hens (i.e., pullets) are placed in laying houses.   Carryover infection from
a previously infected flock and rodent reservoirs in the environment of such flocks serve to
perpetuate infection across flocks.  Infection of flocks during pullet grow-out probably can occur
via a previously contaminated environment.  Infection at the hatchery is also possible.

Secular trends in flock prevalence for a country or region might be inferred from surveillance
data.  Such an inference might suggest that the proportion of infected flocks in a country or
region is increasing or decreasing over time.  Nevertheless, these trends must be
demonstrated across a sufficient period to be convincing. Cross-sectional surveys may imply
seasonal patterns in flock prevalence, but this is not likely the case.  Instead, observed
seasonal differences in flock prevalence in cross-sectional studies are likely the result of
changes in within-flock prevalence – and the effect of increases/decreases in within-flock
prevalence on the capacity of a survey to detect infected flocks.  Therefore, unless secular
trends are clearly proven, it is generally best to model flock prevalence as an invariant, fixed
value.  The methods used to model flock prevalence should incorporate all uncertainty
regarding the true fixed value.

Data

Table 2-1 summarizes data on flock prevalence.  The three quantitative exposure
assessments have used some of these data to estimate flock prevalence.  Other data on flock
prevalence are summarized in the appendix.
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Table 2-1. Studies conducted to determine the proportion of layer flocks that contain one or
more infected hens.

Source Flocks
positive

Flocks
sampled

Hens sampled
per flock

Apparent flock
prevalence

Hogue, 1997
(US)

247 711 300 35%

Poppe, 1991
(Canada)

8 295 60 faecal,
12 egg belts

3%

Sunagawa, 1997
(Japan)

2 37 20 8%

Gerner-Smidt, 1999
(Denmark)

10 422 100 3%

The studies in Table 2-1 differ in the number of sampled flocks, the intensity of sampling within
each flock, as well as apparent prevalence.

Because flock prevalence is constant, we are mainly interested in describing our uncertainty
about the true value.  Therefore, we describe methods for Modeling this uncertainty.
Furthermore, apparent prevalence estimates are biased, so we describe methods to correct
this bias.

Methods

The Beta distribution is commonly used in quantitative exposure assessments to model
prevalence.  When using the @Risk® software (Palisade Corporation, Newfield, NY), this
distribution is modelled as ( )1s-n 1,s@RISKBETA ++ , where s is the number of
positives observed and n is the total number sampled.  This distribution can be derived by
applying Bayes Theorem to the binomial distribution where p is the probability of a positive, or
prevalence (Vose, 1996).  The Beta distribution demonstrates the increased certainty in
estimated prevalence resulting from increasing the number of samples collected.  For
example, Figure 2-1 illustrates how a probability density function becomes increasingly
narrowed for increasing numbers of samples when the underlying prevalence of positives is
fixed at 10%.
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Figure 2-1.  Illustrating the effect of increased sample size on certainty regarding prevalence.

Data like that in Table 2-1 is typically used to estimate regional or national flock prevalence.  In
the FSIS-USDA exposure assessment, the data from Hogue (1997) was used to estimate the
US flock prevalence.  These data were generated from sampling hens at slaughter plants, and
summarized at a regional level (Figure 2-2).

The proportion of all flocks sampled in these four regions did not match the proportion of
regional production.  Instead, more flocks were sampled in the high prevalence regions.
Therefore, the raw data were adjusted by calculating the expected value of prevalence,

( )�
4

1
ii wp  where pi was the observed prevalence in region i and wi was the proportion of

production in region i.  The total number of positive flocks was calculated as the product of this
expected value and the observed number in Table 2-1.   The total number of flocks sampled
(i.e., 711) was not changed so that the uncertainty in the estimated prevalence was consistent
with the level of sampling used.  Figure 2-3 shows the effect of this adjustment on apparent
flock prevalence.

0 0.1 0.2 0.3 0.4 0.5 0.6

Prevalence

Pr
ob

ab
ili

ty
 D

en
si

ty

1 positive 10 tested 10 positive 100 tested 100 positive 1000 tested



DRAFT: DO NOT CITE OR QUOTE 12

Figure 2-2.  Regional results of US spent hen surveys (Hogue, 1997) and percent of US flock
by region.  National estimates of flock prevalence should be adjusted for spatial bias.

Figure 2-3.  Illustration of the effect of weighting US survey results (Hogue, 1997) for regional
hen populations to estimate uncertainty regarding the national flock prevalence.

Given apparent prevalence evidence like that shown in Table 2-1, exposure assessment
models must make adjustments for false negative results.  No survey of flocks can definitively
determine the status of flocks sampled. Given the limited number of flocks sampled in surveys,
the limited sampling within flocks, and the imperfect nature of diagnostic tests applied to
individuals – and our imperfect understanding of these imperfections – uncertainty about true
flock prevalence can be substantial.
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Two factors influence the likelihood of false negative results:1) the number of hens sampled
per flock and 2) the underlying likelihood of detecting an infected hen given the methods used
to test individuals.

Tables 2-2 and 2-3 show the results of sampling within infected flocks.  The Poppe (1992)
study was a follow-up to the survey listed in Table 2-1.  The original survey identified eight
infected Canadian flocks, but was able to measure within-flock prevalence in only seven.  A
variable number of hens were cultured in each of these flocks and in four flocks no infected
hens were detected despite previous positive hen and/or environmental test results.  The
mean of the Beta distribution based on these results provided a non-zero point estimate for
within-flock prevalence (Table 2-2).  Table 2-3 summarizes the findings of the studies analyzed
by Hogue (1997).  In two different surveys, 247 positive flocks were detected.  For each flock,
60 pooled catcall samples comprising five hens each were collected (i.e., 300 hens’ cacae
were collected per flock).  Apparent within-flock prevalence was estimated by assuming that
only one infected hen contributed to each positive pool.  Such an assumption is reasonably
unbiased (i.e., <5% difference between assumed and calculated within-flock prevalence) for
those flocks with up to seven positive pools, but this negative bias increases with the number
of positive pools.  The average bias from this simplifying assumption is 5% across all
observations

Tables 2-2 and 2-3 provide evidence of the variability in number of SE infected hens between
infected flocks.  Both studies suggest that low within-flock prevalence is more frequent than
high within-flock prevalence (Figure 2-4).  Despite different populations sampled (e.g., Canada
and US layer flocks) and dramatically different numbers of samples collected, the distributions
are similar.

Table 2-2. Results of sampling known-infected layer flocks from Canadian study and mean of
Beta distribution for predicting apparent within-flock prevalence (Poppe, 1992).

Number of flocks sampled Positive hens
Hens sampled 

per flock
Apparent within-flock 

prevalence
4 0 60 1.6%
1 2 150 2.0%
1 0 40 2.4%
1 24 150 16.4%
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Table 2-3. Results of sampling known-infected layer flocks from U.S. studies (Hogue, 1997).
To calculate within-flock prevalence, it is assumed that a positive pool is equivalent to one
positive hen and 300 hens (60 pools of 5 hens) were sampled per flock.

Number of flocks
sampled

Positive pools Apparent within-flock
prevalence

77 1 0.33%
39 2 0.67%
23 3 1.00%
18 4 1.33%
9 5 1.67%
6 6 2.00%
8 7 2.33%
7 8 2.67%
8 9 3.00%
4 10 3.33%
6 11 3.67%
4 12 4.00%
4 13 4.33%
2 14 4.67%
2 15 5.00%
6 16 5.33%
1 17 5.67%
3 18 6.00%
3 19 6.33%
2 21 7.00%
3 22 7.33%
1 23 7.67%
1 24 8.00%
1 25 8.33%
2 26 8.67%
2 27 9.00%
1 28 9.33%
1 36 12.00%
1 39 13.00%
1 42 14.00%
1 44 14.67%
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Figure 2-4.  Comparison of evidence on within-flock prevalence from two studies that sampled
multiple infected flocks.

Flock prevalence estimation methods have been proposed (Audige, 1999; FSIS-USDA, 1998).
These methods account for less than complete sampling within flocks.  Given a fixed within-
flock prevalence, infected flocks can be incorrectly classified as negative when a limited
number of samples are collected in the flock (Martin, 1987).  In practice, sample size is usually
fixed in surveys, while within-flock prevalence varies between infected flocks.  Therefore,
collecting a number of samples sufficient to detect at least one positive hen in one infected
flock (with reasonable likelihood) may not be a sufficient number in another infected flock.

In the FSIS-USDA (1998) exposure assessment, the probability that a positive flock is
detected given a fixed sample size is calculated as 1-(1-p)n, where p is apparent within-flock
prevalence (i.e., proportion of detectable infected hens within an infected flock) and n equals
the number of hens sampled per flock.  Apparent within-flock prevalence was modelled as a
Cumulative distribution based on the survey evidence (Table 2-3) (Vose, 1996).  The
Cumulative distribution converts within-flock prevalence data into a continuous probability
function by specifying the minimum possible value (arbitrarily set at 0.001% or 1 in 100,000
hens), the maximum value (arbitrarily set at 100% of hens), and the evidence in Table 2-3.
Integrating 1-(1-p)n across the distribution for apparent within-flock prevalence indicated that a
sample size of 300 hens per flock used in the Hogue (1997) surveys detected 76% of infected
flocks.  Integration was accomplished by simulating 1-(1-p)n  , where p varied from iteration to
iteration, and calculating the average of the simulated output.

For the FSIS-USDA exposure assessment, the number of truly affected flocks in the Hogue
(1997) surveys was modelled using a Negative Binomial distribution.  In @Risk parlance, the

( )ps,N@RISKNEGBI  function predicts the number of flocks missed given the number
successfully detected, s, and the probability, p=0.76, of detecting flocks (Vose, 1996).  Adding
the number of infected flocks misclassified in the survey to the number of infected flocks
actually observed, then using this estimate with the total number of flocks sampled (i.e., 711)
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as inputs to a Beta distribution, provides the best description of uncertainty regarding true
national prevalence.

An alternative to the method described for the FSIS-USDA exposure assessment is to use a
direct Bayesian methodology.  In this case, Bayes Theorem is used to estimate the true flock
prevalence.

This depiction of Bayes Theorem is used to predict the distribution for flock prevalence (Φ ),
given the available evidence (y) (i.e., f(Φ |y)).  In this case, the likelihood function, f(y|Φ ),
calculates the likelihood of observing a particular sampling result (e.g., 247 positive flocks in
711 flocks sampled) given that the true flock prevalence is Φ .

The likelihood function, f(y|Φ ), determines the probability of the sampling evidence (i.e.,
apparent flock prevalence), given the true prevalence, Φ , and the sensitivity of the survey
design.  In this case,

where pi is the apparent within-flock prevalence in flock i, f(pi) is the likelihood of pi occurring,
and n is the number of samples collected in each flock.  Operationally, the likelihood function is
the binomial distribution,

where N is the number of flocks sampled in a study, and S is the number found positive.
Although this approach was not used in the FSIS-USDA exposure assessment, it should give
similar results to the negative binomial method previously described.

The Health Canada and Whiting exposure assessments did not adjust flock prevalence
evidence for sensitivity.  In the Health Canada assessment, the Poppe (1991) data was
modelled directly using a Beta distribution.  In the Whiting assessment, two fixed values were
used to model flock prevalence; 10% and 45%.  These values were selected to approximate
the regional variability observed in the US surveys of slaughtered hens (Hogue, 1997).

Simply Modeling apparent flock prevalence will result in a different depiction of this parameter
than if true flock prevalence is modelled.  Figure 2-5 illustrates the Beta distributions implied by
the data in Table 2-1.  In the case of the Hogue (1997) data, the distribution that results from
estimating true prevalence from apparent prevalence is illustrated.  The effect of this
adjustment is to shift the distribution towards higher flock prevalence levels, as well as slightly
increasing the spread of the distribution.
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Figure 2-5.  Implied distributions for apparent flock prevalence using sampling evidence listed
in Table 2-1.  Evidence was modelled using Beta distributions.  The Hogue (1997) data are
modelled for both apparent prevalence (using just the sampling evidence), and after adjusting
the sampling evidence for false negative flocks (i.e., true prevalence).

Egg contamination frequency

Ideally, egg-culture data are available from known-infected flocks.  Results from sampling eggs
from infected flocks will show variability across time in the same flock, and between flocks.
Variability is expected in any biologic system.  Seasonal variability in egg culturing results may
also be observed, but previous analysis has not detected a consistent pattern (Schlosser,
1999).

Unfortunately, the logistics and cost of egg sampling limit the availability of such data.
Furthermore, when egg sampling is conducted at the flock level, the number of eggs sampled
is usually inadequate to calculate precise estimates of egg contamination frequency.  In fact,
the low apparent prevalence of contaminated eggs from infected flocks suggests that
inadequate sampling of eggs will usually result in culture negative results for all samples
collected.

Sampling eggs is not cost-effective as a surveillance method when the prevalence of egg
contamination in infected flocks is low (Morales, 1999).  It is possible, however, that variability
in egg contamination from flock to flock might be modelled using evidence concerning within-
flock prevalence of infected hens.  Evidence may come from the proportion of hens in a flock
that are faecal shedders of Salmonella Enteritidis, or have organ/tissue samples that are
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culture positive for Salmonella Enteritidis.  Regardless of the endpoint measured, some
estimate of the fraction of contaminated eggs laid by infected (or colonized) hens will allow the
Modeling of egg contamination frequency at the flock level.  Nevertheless, uncertainty
regarding the variability in egg contamination frequency is greater using this approach than
one that relies on direct egg culturing evidence.  For that reason, this approach to estimating
egg contamination frequency is not preferred when direct egg culturing evidence is available.

Data

Tables 2-4 and 2-5 summarize the egg sampling evidence from known infected flocks or hens
used by the three quantitative exposure assessments.  These data are used in the respective
models to estimate egg contamination frequency.

For the FSIS-USDA and Health Canada exposure assessments, two forms of data from the
same field project are used.  The Health Canada exposure assessment data are from a study
of 43 positive flocks; the number of samples analyzed was limited to the first 4000 eggs
collected from these flocks.  In contrast, the complete egg sampling results from the 43 flocks
were summarized in the FSIS-USDA exposure assessment.  The flocks were stratified into
high and low prevalence in the FSIS-USDA analysis.  The basis of this stratification was the
finding that egg contamination frequency was correlated with environmental status and there
was a bi-modal pattern to environmental test results in infected flocks.  Additional studies were
included in each strata based on the same criteria or similarity in results.  The combined
results from the FSIS-USDA study suggest an overall egg contamination frequency of 0.03%;
the same as the average based on the Health Canada exposure assessment data.

In the Whiting model, the egg contamination frequencies implied by 27 published studies were
summarized (Table 2-5).  Some of these studies were reportedly experimental.  The relevance
of experimental studies to populations of naturally infected hens is arguable.  In particular, if a
study reports the frequency at which a cohort of experimentally inoculated hens produced
contaminated eggs, then these results need adjusting for the prevalence of naturally infected
hens in a flock to be comparable to field-based evidence.  The median frequency from this
series of studies is between 0.6% and 0.9%.

Table 2-4.  Summary of evidence used in two exposure assessments to model egg
contamination frequency.  The number positive eggs (s) and the total number of eggs sampled
(n) are reported by study cited.

Risk assessment Flock type Data Sources s n
Kinde et al, 1996 58         85,360          
Schlosser et al., 1995 56           113,000        
Henzler et al., 1994 41           15,980          
Totals 155         214,340        
Schlosser et al., 1995 22           381,000        
Henzler et al, 1994 2           10,140          
Totals 24           391,140        
Schlosser et al., 1995 34         100,000        
Poppe et al., 1991 2           16,560          
Totals 36         116,560        

High prevalence

Low prevalence

US
DA

-F
SI

S,
 1

99
8

H
ea

lth
 

C
an

ad
a,

 
un

pu
b



DRAFT: DO NOT CITE OR QUOTE 19

Table 2-5.  Summary of evidence used to model egg contamination frequency in Whiting
exposure assessment model.

Methods

A histogram relating egg contamination frequency with number of infected flocks observed can
be derived if enough eggs from enough flocks are sampled in a cross-sectional survey.  Such
a histogram provides an empiric description of the variability in egg contamination.   This
distribution may be skewed if most flocks express very low egg contamination frequencies and
few flocks experience higher contamination frequencies.

In surveys that are prospective and cross-sectional in design, the data can be summarized
using the average contamination frequency across all egg collections in each flock.  Because
individual egg collections usually involve insufficient numbers of eggs (e.g., 1000), the most
confident estimate is that applied to the entire period during which sampling was completed in
that flock.

Figure 2-6 illustrates the distribution for egg contamination frequency found in one research
project of 60 infected flocks (Henzler, 1998).  The reported frequencies are set equal to the
mean of the Beta distribution to provide non-zero estimates for those flocks where no positive
eggs were detected.  A significant finding from this study was that a high proportion of the
flocks with the lowest observed egg contamination frequency were also flocks with lesser
numbers of positive environmental samples.  Most of the flocks with higher egg contamination
frequencies also had greater numbers of positive environmental samples.

Frequency of positive eggs Number of studies reporting
0.00% 5
0.06% 1
0.08% 1
0.10% 1
0.20% 1
0.30% 1
0.40% 2
0.60% 1
0.90% 1
1.00% 4
1.40% 1
1.90% 1
2.90% 2
4.30% 1
7.50% 1
8.10% 1
8.60% 1
19.00% 1

Total 27
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Figure 2-6.  Results of study in 60 US infected flocks (Henzler, 1998) showing variability in egg
contamination frequency between infected flocks.

Egg contamination frequency evidence should be adjusted for uncertainty resulting from
pooling of samples and sensitivity and/or specificity of laboratory culture techniques (Cowling
et al, 1999).  For pooled sample results, it is probably appropriate – when prevalence is low
(e.g., < 0.1%) – to assume that individual prevalence is equivalent to x/km where x is the
number of positive pools, k is the size of pools (e.g., 10 or 20 eggs), and m is the number of
pools sampled.  Nevertheless, it is instructive to evaluate the probability theory of pooling.

Given some probability that an individual egg is positive, p, and a pool size of k, the probability
of a pool being positive, P, equals 1 – (1 – p)k , where (1 – p)k calculates the probability of
selecting k negative individuals.   From available sampling evidence, we have P.  Therefore,
we can solve this equation for p, and it equals 1 – (1 – P)1/k.   Cowling (1999) presents various
methods for describing the uncertainty about this estimated probability.  A simple method is to
describe the uncertainty about P as a Beta(x + 1, m – x + 1) distribution and directly map the
values for p to the probabilities predicted for the Beta distribution.  When p is very small and m
is very large, the need to incorporate uncertainty about the effect of pooling is insubstantial.

Evidence on the sensitivity of laboratory culture techniques comes from an experiment on the
isolation of Salmonella Enteritidis in pooled eggs.  In this study pools of 10 eggs were spiked
with approximately two CFU of Salmonella Enteritidis and 24 of 34 (70.6%) of the pools were
detected as positive using standard culture techniques (Gast, 1993).  Although Cowling (1999)
argues that the best estimate of sensitivity for pooled egg culturing should be centred about
70.6%, this estimate may understate the likelihood of detection.  Most contaminated eggs,
unless cultured within a few hours of lay, contain many more than two Salmonella Enteritidis
organisms (see section below).  We thus calculate the probability that laboratory culturing will
detect a single organism and then apply that probability to the number of organisms we expect
to find in contaminated egg pools.

If a pooled sample contains two Salmonella Enteritidis organisms, the probability of correctly
classifying the sample as positive using culture techniques equals 1 – (1 – p)2 assuming a
binomial process and p equal to the probability of detecting one organism.  From Gast (1993),
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70.6% of samples with two Salmonella Enteritidis organisms were found positive.  Therefore,
we can solve for p to determine the probability of detecting one organism in a pooled sample.
In this case, p equals 46%.

If the probability of detecting one organism in a pooled sample is 46% – and the probability of
detecting two organisms is 70.6% – then we can calculate the sensitivity of pooled egg testing
for any number of organisms contained in a sample.  Figure 2-7 shows how the probability of a
positive result increases as the number of organisms in the sample increases.  At eight
organisms (or more) in a pooled sample, the probability of a positive test result is essentially
100%.   Given that the predicted mean number of Salmonella Enteritidis organisms per
contaminated egg typically exceeds seven, these results suggest it is unlikely that sensitivity of
egg testing is an important input to exposure assessments.

Figure 2-7.  Predicted probability of a positive pooled egg sample when contaminated with
varying numbers of Salmonella Enteritidis organisms and a probability of detecting just one
organism equal to 46%.

The frequency that an infected flock produces contaminated eggs is modelled in the Health
Canada exposure assessment by incorporating the data in Table 2-4 into a gamma
distribution.  In @Risk, this distribution is specified as; ( )1/n s,@RISKGAMMA  where s is
the number of positive eggs and n is the total eggs sampled.  The gamma distribution is a
theoretical distribution for estimating uncertainty about the average of a Poisson process.  In
practice the difference between assuming egg contamination frequency follows a binomial or
Poisson process is insignificant.  Therefore, either the gamma or beta distribution would suffice
for Modeling these data.

We can model the data cited for the Whiting exposure assessment (Table 2-5) using a
cumulative distribution. In @Risk, the cumulative distribution is specified as;

( ){p}{x},max,min,ATIVE@RISKCUMUL  where theoretical minima and maxima are
estimated, {x} is an array of observed egg contamination frequencies, and {p} is an array of
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cumulative probability densities corresponding to values in {x}.  Alternatively, this data could be
modelled using discrete or histogram distributions.

In the FSIS-USDA exposure assessment, egg contamination frequencies for high and low
prevalence flocks are modelled using the gamma distribution.  The egg contamination
frequencies for each type of infected flock only apply to the fraction of infected flocks within
these two strata.   This exposure assessment also explicitly models moulted and unbolted
flocks.  Therefore, egg contamination frequency from infected flocks is calculated as a
weighted average across all infected flocks by prevalence strata and moult status.

The data on the frequency of Salmonella Enteritidis-positive eggs produced by positive flocks
in Table 2-5 were collected from flocks that were typically detected via environmental
sampling.  Estimating egg contamination frequencies directly from these data can result in
biased estimates. Bias is possibly introduced because environmental testing is more likely to
detect more high prevalence infected flocks than low prevalence infected flocks.  Therefore,
egg-culturing evidence is disproportionately influenced by higher prevalence flocks relative to
the actual egg contamination frequency in the total population of infected flocks.  In the FSIS-
USDA exposure assessment, the proportion of infected flocks that are high prevalence was
adjusted for the sensitivity of environmental testing to account for this phenomenon.

The effect of moulting on egg contamination frequency has been experimentally examined and
found significant (Holt, 1992, 1993, 1994, 1995, 1996).  However, there is only one field study
that examines this phenomenon (Schlosser, 1999).  In that study, 31 of 74,000 (0.04%) eggs
sampled from infected flocks that were within 20 weeks following moult were Salmonella
Enteritidis-positive.  In contrast, only 14 of 67,000 (0.02%) eggs sampled from infected flocks
that were within 20 weeks prior to moult were Salmonella Enteritidis-positive.  These results
imply that moulting is associated with a nearly two-fold increase in egg contamination for the
20 weeks following moult.  Figure 2-8 shows the probability distributions for high and low
prevalence flocks that are moulted or not moulted using these data and those data in Table 2-
4.
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Figure 2-8.  Comparison of uncertainty regarding egg contamination frequencies between so-
called high and low prevalence flocks that are moulted or not moulted (FSIS-USDA, 1998).

Figure 2-9 illustrates the different distributions for egg contamination frequency in infected
flocks generated by the three exposure assessments.  The weighting of egg contamination
frequencies for different types of flocks in the FSIS-USDA exposure assessment has the effect
of reducing the overall frequency of contaminated eggs from infected flocks.  Nevertheless, the
predicted distributions for the FSIS-USDA and Health Canada exposure assessments are
more similar to each other than either is to the distribution implied by Whiting.   The Whiting
distribution is bi-modal with some flocks producing contaminated eggs at frequencies at or
below 10-6 and many more flocks producing contaminated eggs at frequencies at or above
1%.

It should be noted that the FSIS-USDA and Health Canada distributions in Figure 2-9
represent uncertainty about the true fraction of contaminated eggs produced by infected flocks.
In contrast, the Whiting distribution is best characterized as a frequency distribution of the
predicted proportion of infected flocks producing contaminated eggs at different frequencies.
Only the reported frequencies, and not the number of positives and samples, were used to
derive this distribution.  Therefore, uncertainty about the true egg contamination frequencies
reported by each of the 27 studies used by Whiting is not incorporated into this analysis.
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Figure 2-9.  Uncertainty regarding egg contamination frequency in infected flocks as predicted
by three published exposure assessments.

The proportion of flocks that are infected (i.e., flock prevalence) and the egg contamination
frequency for infected flocks are combined to estimate the overall frequency of contaminated
eggs among all eggs produced.  Figure 2-10 shows these results for the three quantitative
exposure assessments.  For both the FSIS-USDA and Health Canada exposure
assessments, the predicted fraction of all eggs that are Salmonella Enteritidis contaminated is
most likely between 10-5 and 10-4.  The overall contamination frequency implied by Whiting is
most likely between 10-3 and 10-2.
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Figure 2-10. Uncertainty regarding egg contamination frequency among all eggs produced
regardless of flock status as predicted by three published exposure assessments.

Methods for Modeling egg contamination frequency varied among the three quantitative
exposure assessments.  Although the FSIS-USDA and Health Canada approaches are similar
in some respects, the FSIS-USDA exposure assessment explicitly modelled variability in egg
contamination frequency by stratifying infected flocks into different categories (e.g., high and
low prevalence).  Disaggregation of infected flocks by degree of severity accomplishes two
purposes; it allows one to explicitly model control interventions on a subset of the total
population of infected flocks, and it illustrates the relative importance of different types of flocks
to the overall frequency of contaminated eggs.  By Modeling high and low prevalence flocks,
as well as moulted or unbolted subpopulations, the FSIS-USDA exposure assessment may be
a more useful tool for risk managers.  Furthermore, the explicit delineation of flocks because of
severity of their infection enabled the identification of a potential bias resulting from easier
detection of the more severely affected flocks.

The methods used by Whiting may illustrate the possible bias introduced using experimental
data.  Egg contamination frequency in infected flocks is best estimated using field research
results.  Experimental studies cannot replicate the infectious dose and transmission
characteristics that exist in naturally infected flocks. This distribution may also imply increased
egg contamination frequencies because the underlying data reflect higher virulence strains of
Salmonella Enteritidis than typically occur in naturally infected populations (Gast, 1994).

Ideally, this exposure assessment input should describe the variability of egg contamination
frequency between infected flocks.  While the FSIS-USDA assessment accomplishes this to a
limited extent by stratifying flocks, a more continuous description of this input is desirable.
Either the gamma or beta distribution can be used to model uncertainty in egg contamination
frequency based on the available data.  Furthermore, given the numbers of organisms
expected within contaminated eggs, and the low frequency of contaminated eggs, it seems
unnecessary to adjust observed data for pool size or test sensitivity.
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Organisms per egg at lay

An exposure assessment must include the initial concentration of Salmonella Enteritidis in
contaminated eggs.  The number of Salmonella Enteritidis in contaminated eggs varies from
egg to egg.  Available evidence suggests that most contaminated eggs have very few
Salmonella Enteritidis bacteria within them at the time of lay.  It is the initial contamination level
in an egg that is influenced by subsequent distribution and storage practices.  If the egg is
handled under conditions that allow growth of the bacteria in the egg, then the initial
concentration will increase.  Nevertheless, some contaminated eggs will arrive at the kitchen
with the same number of bacteria within them that they contained at the time of lay.

Most experts believe the Salmonella Enteritidis in eggs is initially limited to the albumen or
vitelline membrane.  Nevertheless, it is possible that Salmonella Enteritidis may gain access to
the yolk of the egg before – or just after – the egg is formed.  If this occurs, it is a rare event.
While egg albumen is not conducive to Salmonella Enteritidis multiplication, yolk nutrients will
foster relatively rapid growth of these bacteria (Todd, 1996).

Immediately following lay, the pH of the interior contents of an egg begins to increase.
Elevated pH suppresses growth of Salmonella Enteritidis.  It is estimated that about one log of
growth can occur between the time of lay and stabilization of pH inside the egg (Humphrey,
1993).  Because of this phenomenon, it is difficult to know whether the observed number of
organisms in a fresh egg is the result of some initial growth or the actual inoculum present at
lay.

Data

In a study of contaminated eggs produced by naturally infected hens, 32 positive eggs were
detected (Humphrey, 1991).  Enumeration of their contents found that 72% of these eggs
contained less than 20 Salmonella Enteritidis organisms.  The calculated mean number of
Salmonella Enteritidis per contaminated egg was seven.  Nevertheless, there were a few eggs
that contained many thousands of Salmonella Enteritidis bacteria following > 21 days of
storage at room temperature.

In a study of experimentally infected hens, 31 Salmonella Enteritidis positive eggs were
detected (Gast, 1992).  Enumeration of their contents found that the typical contaminated egg
harboured about 220 Salmonella Enteritidis organisms.  Yet, there were marked differences in
levels depending on storage time and temperature.   Four of the contaminated eggs contained
> 400 Salmonella Enteritidis organisms per egg.

Methods

Growth of bacteria within the egg is a function of temperature and time between lay and
consumption.  At the time of lay, the egg’s internal temperature is essentially that of the hen
(e.g., >38 C).  This temperature equilibrates with the environment over time.

Conventionally, concentration of bacteria per unit volume is modelled using a lognormal
distribution (Kilsby, 1981).  Such a distribution describes the frequency of variable numbers of
bacteria in contaminated eggs.  Assuming there is sufficient data to estimate a population
distribution, then uncertainty in an exposure assessment model stems from the fitting
procedure used to describe the distribution.  Lacking evidence from a sufficient sample of eggs
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to warrant direct fitting of evidence to a distribution, alternative approaches include using
expert opinion to develop a distribution or representing the data with an empiric distribution.

In the Whiting exposure assessment, a two-stage distribution for concentration of organisms
per contaminated egg is modelled.  The majority of eggs are modelled as containing 0.5
organisms per ml.  For a 60 ml. volume egg, this equates to 30 organisms per egg.
Development of this estimate is based on the Humphrey (1991) enumeration data.  Some
eggs in the Whiting model, however, are assumed to be held for up to 21 days at room
temperature, or for shorter times at higher temperatures.  These eggs experience growth of
Salmonella Enteritidis and the resultant number of organisms per egg is modelled using the
following probability distribution: 58%=0.5 organisms per ml, 25%=13 organisms per ml,
8%=375 organisms per ml, and 8%=3000 organisms per ml.  Because this model is
concerned with eggs that are sent for pasteurization, the large concentrations predicted here
are arguably appropriate.

The fraction of eggs that are time or temperature abused in the Whiting model is assumed to
range from 2.5% to 10% of all eggs.  Therefore, contaminated eggs usually contain about 30
organisms, but on 2.5%-10% of this model’s iterations the eggs may contain from 30 to
180,000 organisms.

In the Health Canada exposure assessment, data from two studies are combined to depict
initial concentration.  An initial number of organisms is modelled as the output of a Poisson
process, where the mean is seven organisms per egg (Humphrey, 1991).  To this initial
number of organisms is added another 0 to 1.5 logs of bacteria to account for the period
immediately after lay when pH is increasing in the egg (Humphrey, 1993).  This additional step
is modelled using the @Risk function @RISKPERT(min, most likely, maximum) where the
minimum is zero, the most likely value is one log, and the maximum is 1.5 logs.

In the FSIS-USDA (1998) exposure assessment, the Humphrey (1991, 1993) and Gast (1992)
data are combined to derive a distribution for initial number of Salmonella Enteritidis organisms
per contaminated egg.  A truncated exponential distribution is used to model this input.  In
@Risk, this distribution is specified as @RISKTEXPON(mean, min, max), where the minimum
equals 1 organism, the maximum is 420 organisms (based on Gast, 1992), and the mean is
152 organisms per egg.

The effect of the different Modeling approaches used in the three exposure assessment is
shown in Figure 2-12.  The curve predicted by Whiting shows a peak frequency at 30
organisms per egg, but those instances of heavily contaminated eggs are not shown in this
graphic.  Although heavily contaminated eggs are infrequently predicted, the expected value of
this distribution (>900 organisms per egg) reflects these occasionally large values.

The expected values of the Health Canada and FSIS-USDA distributions are 88 and 152,
respectively.  The FSIS-USDA distribution reflects the incorporation of the Gast (1992)
evidence.  This evidence is from experimentally infected hens that were inoculated with large
doses of Salmonella Enteritidis.  Its relevance to naturally contaminated eggs is arguable.
Nevertheless, the combined evidence from Humphrey (1991) and Gast (1992) amounts to just
63 eggs.  Therefore, the FSIS-USDA distribution may be interpreted as containing elements of
variability and uncertainty regarding the actual frequency distribution for initial contamination
levels in eggs.
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Figure 2-12. Comparison of varying levels of Salmonella Enteritidis within contaminated eggs
predicted by three published exposure assessments.

Summary

The production component of an exposure assessment should include estimates of flock
prevalence, egg contamination frequency in infected flocks, and number of Salmonella
Enteritidis per contaminated egg.

Flock prevalence is arguably a fixed value, but one for which uncertainty can be substantial.
Apparent flock prevalence from surveys that use imperfect diagnostic assays should be
adjusted for expected bias.  Several methods are available to make these adjustments.
Audige (1999) has published a method that relies on the hypergeometric distribution.  Such a
method is particularly appropriate when the total population is small.  The consequence of
incorrectly assuming evidence was generated from a binomial distribution (that assumes
sampling with replacement in a large population) is illustrated in Figure 2-13.   This example
assumes that just one infected flock exists in a total population of 100 flocks.  The probability of
detection in this case is different if we assume a binomial distribution versus assuming the
correct hypergeometric distribution.  If we had a sample of 100 flocks and all were negative,
the binomial distribution would imply that there was a 40% chance of such a result if the
prevalence was 1%.  The hypergeometric distribution would tell us there was 0% probability of
such a result if one infected flock existed.  The probability of detection is used to adjust
apparent flock prevalence, so it behoves the risk analyst to consider which distribution is
appropriate when conducting an exposure assessment.

None of the exposure assessments explicitly accounted for the mechanisms by which flocks
become infected.   To assess preharvest interventions, more data is needed on the prevalence
of Salmonella Enteritidis in breeder and pullet flocks, as well as in feedstuffs.  In particular,
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associations between the occurrence of Salmonella Enteritidis in these preharvest steps and
its occurrence in commercial layers should be quantified.  The existing models, however, can
be used to evaluate the effect of interventions that might reduce the risk of flocks becoming
infected.  The public health effect of such hypothetical interventions would be modelled by
appropriately reducing the flock prevalence input of the existing models.

Egg contamination frequency should be a variable input to a Salmonella Enteritidis exposure
assessment.  Yet, data are needed to accurately estimate the proportion of flocks with varying
egg contamination frequencies.  An alternative to Modeling egg contamination frequency as a
continuous distribution is to stratify flocks into two or more categories and model the estimated
egg contamination frequency separately for each category.  Such an approach provides more
information to risk managers regarding control options.  Nevertheless, stratifying infected flocks
requires epidemiologic evidence of differences among infected flocks.  Lacking such evidence,
use of the available egg sampling evidence is a second best approach.

The concentration of Salmonella Enteritidis in contaminated eggs is also a variable input.  Yet,
little data are available to describe this variability.   In the exposure assessments evaluated,
estimation of the number of Salmonella Enteritidis in contaminated eggs at, or soon after, lay
was based on data from, at most, 63 eggs.  Evidence that associates modulation in numbers
of Salmonella Enteritidis per egg with causative factors (i.e., strain of Salmonella Enteritidis,
hen strain, environmental conditions) would provide analysts with better methods for Modeling
this input.  Lacking such evidence, however, suggests that most Salmonella Enteritidis
exposure assessments will rely on the same evidence used by previous exposure
assessments.  Therefore, it is expected that this input will be common to most models.  Of the
methods used to model initial contamination, those used by Health Canada seem most
intuitively appealing.  The method used by FSIS-USDA gives similar results but is potentially
biased upwards.
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Figure 2-13. Illustration of the effect of assuming a binomial distribution when the
population is limited to 100 and the prevalence is fixed at one infected (1%).
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Distribution and storage
Once Salmonella Enteritidis contaminated eggs are produced, they undergo multiple stages of
handling and storage before they are finally consumed.  After the eggs are collected in the hen
house, they may be processed, transported, and stored for varying times under variable
environmental conditions.  The distribution and storage stage covers the period after the eggs
are laid, until the eggs arrive at a point where they are prepared, possibly cooked, and
consumed.

Generally, the distribution and storage stage is concerned with two things: 1) the effect of time
and temperature on the Salmonella Enteritidis within contaminated eggs, and 2) the fraction of
eggs that are marketed as fresh table eggs versus the fraction marketed in some other form.
For example, some shell eggs may be sent to a pasteurization plant or cooked before sale.

Important inputs to include in this part of the exposure assessment model are algorithms for
predicting the microbial dynamics within eggs, time and temperature distributions, and
marketing fractions.  Egg thermodynamics may also be explicitly modelled to simulate internal
egg temperature as a function of ambient temperature.

The output of the distribution and storage stage should consist of a frequency distribution for
the contamination levels in eggs just before preparation, cooking and consumption. Changing
concentration of bacteria in eggs depends on the lag period before Salmonella Enteritidis
growth.  Lag period is the period during which bacteria adjust to environmental conditions.  Lag
period inside an egg is a complex function of nutrient availability, pH, time and temperature
(Humphrey, 1999).

In Monte Carlo simulations, the Modeling of the paired occurrence of concentration and lag
period requires that individual eggs – to some extent – are kept track of as they move through
the various stages of distribution and storage.  These individual eggs can then be carried over
to the preparation and consumption stage for further consideration.  In this manner, the
attributes of organisms per egg and lag period remaining are paired at the individual egg.

Marketing fractions

As eggs move from the farm to table, there are two general users to consider: homes and food
service institutions.  Home users of eggs generally purchase their eggs from retail settings,
while institutional users of eggs (e.g., restaurants and hospitals) get their eggs from wholesale
distributors or directly from the producer.

If it is assumed that, on average, eggs are handled differently by these different users of eggs,
then at least two growth pathways should be included in a Salmonella Enteritidis exposure

Chapter

3
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assessment model.  In this case, the marketing route categorizes the outputs of the distribution
and storage stage.

Shell eggs will also be marketed either as table eggs or as eggs to be broken and sold as
processed egg products.  It is likely that the marketing route influences the times (and possibly
temperatures) that eggs experience in the distribution and storage stage.  For example, some
eggs are diverted to egg products processors following grading.  These eggs may have a
different distribution of transport time post-processing than eggs destined for table egg
markets.  Another example might be eggs that are directly marketed for egg products.  Such
eggs will probably spend less time in processing because they do not undergo candling or
grading or sorting (so-called nest run eggs).

Marketing fractions are path probabilities that determine what fraction of contaminated eggs
experience the time and temperature conditions of specific pathways.  These are important
inputs to an exposure assessment.

Data

Both the Health Canada and FSIS-USDA exposure assessments determined that about 25%
of all table eggs consumed were marketed to institutional users.  These users actually
consumed 18% of all eggs produced in the US, but about 28% of all eggs were marketed as
processed egg products (Table 3-1).  The Whiting exposure assessment was not concerned
with table eggs, so user fractions were not considered.

Table 3-1.  Distribution of eggs by market outlet as estimated for US production by the United
Egg Board (1996).

Time and temperature

Eggs may be stored before and after they are sold.  They may be transported to and from
wholesale or retail distributors.  Times and temperatures during storage and transportation
vary.  Given the low frequency of contaminated eggs, it is reasonable to consider these eggs
as independent from each other regarding the times and temperatures they experience.

An exposure assessment model must consider the different times and temperatures that
contaminated eggs experience.  Therefore, distributions of time and temperature must be
included in the model.  Such distributions should, for example, describe the proportion of eggs
that experience different temperature in a given stage.  Furthermore, a different distribution for
the same stage must describe the proportion of eggs that are maintained in that stage for
different times.  It might be assumed that there is some negative correlation between time and

Egg Market Million cases of eggs Percent of all eggs
Retail 94 53%
Egg product processing 49 28%
Food service 31 18%
Exported 3 2%
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temperature within a particular stage.  It seems reasonable to expect that eggs held at higher
temperatures are held for shorter times.  Yet, there is no evidence available to estimate such a
correlation and it is possible that the correlation is only applicable over a portion of the
temperature and time distribution.

For convenience, models of distribution and storage typically describe the passage of time in
discrete steps.  Clearly, an egg can experience a constantly changing environment from the
point of lay until consumption.  Describing distributions for ambient temperature within a
discrete stage is nearly impossible without continual data collection.  Using expert opinion and
available evidence, however, it is possible to estimate a distribution for the length of time that
eggs are stored (e.g., on the farm), and a distribution of average ambient temperatures that
apply to that storage period.

Data

Times and temperatures for various stages of the farm to table continuum are not readily
available from the published literature.  An exposure assessment portrays the variability in
times and temperatures that individual eggs experience between lay and consumption.  Not all
eggs are handled the same, and it is the combination of inordinately high temperatures and
times that result in large amounts of Salmonella Enteritidis growth in contaminated eggs.

In the absence of survey or sampling data, other types of information can be used.  For
instance, the recommended shelf life of eggs can serve as a surrogate for retail storage time.
Such a measure has the added advantage of allowing measurement of mitigation effects by
adjusting the level of compliance with recommended procedures.

Methods

Table 3-2 summarizes the time and ambient temperature inputs to the Health Canada
(unpublished) and FSIS-USDA (1998) exposure assessments.  The averages portrayed here
suggest that the underlying assumptions are similar between the models.   In general, the
stages modelled are the same between the models with the exceptions that the Health
Canada exposure assessment explicitly delineates pre-collection and wholesale storage
stages, and the FSIS-USDA exposure assessment explicitly delineates a post-cooking storage
stage.  The average cumulative time for an egg to pass through these stages is 429 hours
(17.9 days) for the Health Canada and 565 hours (23.5 days) for the FSIS-USDA exposure
assessment.  The average ambient temperature, weighted for time, is 9 C for the Health
Canada and 8 C for the FSIS-USDA exposure assessment.  The scope of the Whiting
exposure assessment was limited to pasteurized liquid whole egg, so farm to table stages
were not explicitly modelled.
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Table 3-2.  Summary of input times and ambient temperatures used to model farm to table
pathways in exposure assessments.  Probability distributions are used in these models and
the central tendency of each distribution is presented in this table.

Growth is a function of time and temperature inputs to the exposure assessment models.
These inputs can vary by pathway (e.g., home vs. institution) as well as within the pathway.
The average predicted temperature is greater for the FSIS-USDA model (11 C) than the
Health Canada model (9 C) (Figure 3-1).  The temperatures captured in this analysis are
ambient temperature in the Health Canada model, and internal egg temperature in the FSIS-
USDA model. These parameters determine lag time and growth rates in the respective
models. It is noteworthy that the average ambient temperature is actually lower in FSIS-USDA
model (7 C).  Nevertheless, accounting for cooling rates in eggs results in higher average
internal egg temperatures.

As shown in Figure 3-1, there is much more variability in average temperature per egg for the
FSIS-USDA output.  Increased variability implies that greater extremes in temperature are
possible in this model when compared to the Health Canada model.  Sustained higher
temperatures result in shorter lag periods and faster growth rates (Humphrey, 1999).

Avg temp (C) Avg time (hours) Avg temp (C) Avg time (hours)
Pre-collection  of eggs 26 7
Storage before transport from farm 13 35 13 48
Transport to grading/processing 13 3 13 1

Pre-grading/processing storage 13 13 20 5

Grading/processing 20 0.2 18 1
Post-grading/processing storage 13 62 8 48
Transport to retail/wholesale 13 3 10 6
Wholesale storage 4 0
Retail storage 7 142 7 168
Consumer storage 7 164 7 288
Post-cooking storage 18 1

Health Canadian USDA-FSIS
Stages
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Figure 3-1.  Average temperature between lay and consumption for all eggs in two exposure
assessment models.  In the US exposure assessment, temperature is internal egg
temperature.  Error bars depict 95% of the variability in each model.

The average time between lay and consumption is longer in the FSIS-USDA model than in the
Health Canada model.  Figure 3-2 illustrates that this time is also more variable in the FSIS-
USDA model.  Therefore, individual contaminated eggs may spend longer times getting from
the producer to a prepared meal.  As with temperature, longer times can be associated with
shorter lag periods and greater growth rates within contaminated eggs.

Figure 3-2. Average total time between lay and consumption for all eggs in two exposure
assessment models.  Error bars depict 95% of the variability in each model.
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Microbial growth dynamics

Considering only Salmonella Enteritidis bacteria that are inside the egg soon after lay, the
available evidence suggests that growth of the bacteria is dependent on an increase in the
permeability of the vitelline (yolk) membrane.  This increase allows the bacteria access to
critical growth nutrients.  Yet, the change in permeability of the yolk membrane is time and
temperature dependent.  The process may take three weeks or longer depending on the
temperature at which eggs are held.  Until this process is complete, there is little or no growth
of Salmonella Enteritidis bacteria within the egg.  Essentially, this period represents a lag
phase for the bacteria.

Once there is yolk membrane permeability sufficient for Salmonella Enteritidis to grow,
multiplication of the bacteria can occur in the egg.  The rate of growth of bacteria is also a
function of time and temperature.   Therefore, as the egg moves from the point of lay to the
point of consumption, yolk membrane permeability and growth must continually be monitored
with respect to temperature and time.  In the FSIS-USDA assessment, the relevant
temperature for yolk membrane permeability and microbial growth is the internal egg
temperature.  Therefore, the thermodynamics of temperature equilibration between ambient
and internal temperature must also be included in the model.

It has been argued the lag period in a discrete stage model should be cumulatively modelled
(Zwietering, 1994).  Therefore, the fraction of lag period remaining for an individual egg should
be monitored for each stage and accumulated across successive stages.  For example, if 50%
of an egg’s lag period is expended during one step of the processing stage (e.g., pre-
processing storage), then this should be subtracted from the available abuse time in the next
step.  So, if the next step would result in the use of 75% of an egg’s lag period, there would
actually be 25% of the time in that step when active growth of Salmonella Enteritidis could
occur.

Eggs produced in commercial flocks – such as those that exist in the U.S. or Canada – are
usually processed.  Processing can include candling, grading/sorting, washing, sanitizing and
packaging.  In general, egg processing does not result in any reduction in the number of
bacteria present in contaminated eggs.  Instead, processing either increases the number of
bacteria in a contaminated egg, or leaves the concentration unchanged.

The prevalence of contaminated eggs that are marketed as table eggs, however, may
decrease following processing.  Candling and grading of eggs are activities that evaluate
quality characteristics of eggs.  Candling will identify blood spots and defective shells.  Grading
eggs involves valuing the qualities of the eggs based on the outcome of candling.  Sorting of
eggs basically groups the eggs dependent on their grades.  There is reportedly an association
between blood spot defects and the likelihood of these eggs being internally contaminated with
Salmonella Enteritidis (Schlosser, 1999).  Therefore, if blood spot eggs are less likely to be
marketed as table eggs, then sorting of eggs may result in a lower proportion of contaminated
eggs in that market.

Data

To model the growth of Salmonella Enteritidis in eggs, mathematical models are used to
account for the lag and growth dynamics of this product and pathogen.  Ideally, studies are
conducted that closely mimic the range of conditions that commercially contaminated eggs
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experience.  Such studies should provide sufficient statistical rigor to estimate the length of
time before Salmonella Enteritidis begins to grow at a given temperature, and the rate it grows
once multiplication commences.  Furthermore, evidence would ideally explain the effect of
dynamic ambient temperatures on the time until yolk membrane permeability is sufficient for
Salmonella Enteritidis growth, as well as the effect of varying temperature before growth on the
subsequent growth rate.

Research on Salmonella Enteritidis growth has focused on the effects of storage time and
temperature.  This research varies in methodology but, in most cases, eggs are artificially
inoculated with Salmonella Enteritidis bacteria.  In some cases, the inoculum is very high
(Hammack, 1993, Schoeni, 1995).  In other cases, the inoculum is placed into the yolk.  The
most relevant research involves inoculation of numbers of Salmonella Enteritidis consistent
with those observed in naturally contaminated eggs (Humphrey, 1999), and placement of the
inoculum outside of the yolk (Humphrey, 1993).  Nevertheless, incorporation of these research
findings into an exposure assessment should account for uncertainties that result from the
experimental (versus field observational) nature of this research.

In the FSIS-USDA exposure assessment, lag period duration and exponential growth rate
equations were estimated from data provided by Dr. T. Humphrey (Exeter, UK), as well as
published reports (Bradshaw, 1990, Schoeni, 1995).  The lag period duration was denoted as
yolk membrane breakdown time (YMT) and estimated as;

log10 YMT =  2.0872 - 0.04257T

where the YMT is in days and the temperature is in C.  The exponential growth rate (EGR)
applies once yolk membrane breakdown is complete.  EGR is estimated as;

EGR = -0.1434 + 0.02601T

where EGR is in logs/hour and T in C.

In the Health Canada exposure assessment, YMT and EGR equations were estimated using
essentially the same data as analyzed in the FSIS-USDA model.  Nevertheless, the following
slightly different equations were estimated.

log10 YMT =  2.07 - 0.04T

EGR = -0.13 + 0.04T

where EGR is in generations per hour and T in C.  To convert from generations per hour to
logs per hour, generations per hour is multiplied by log(2).

In the Whiting exposure assessment, growth in shell eggs was modelled as part of the
distribution for initial numbers of Salmonella Enteritidis in eggs (see Chapter 2 – Production).
In this model, growth only occurred following breaking, mixing, pasteurization, and storage of
eggs.  In this case, yolk membrane breakdown was not a consideration.  The growth model
used was from a published study (Gibson, 1998).  A series of equations based on a Gompertz
function [L = A + Cexp(-exp[-B(t-M])] are estimated for EGR as follows.

EGR = BC/e

where ln(B) = –23.5 + 1.496s + 0.487t + 4.29p – 0.0608s2 – 0.00563t2 – 0.293p2
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and C is a constant, e is an error term, s is the salt concentration (%), p is pH, and t is
temperature in Centigrade.

A comparison of the EGR predicted for the three exposure assessment models is shown in
Figure 3-3.  The FSIS-USDA equation predicts the slowest growth rates across all
temperatures shown.  The Whiting equation predicts slightly slower rates than the Health
Canada equation at lower temperatures, but faster rates at higher temperatures.  All three
equations predict no growth below 7 C.

Comparisons between the Health Canada and FSIS-USDA exposure assessments for EGR
are not direct.  In the FSIS-USDA model, growth rate is dependent on the internal egg
temperature, not ambient temperature, while the Health Canada model uses the ambient
temperature.  Generally, internal egg temperature is greater than ambient temperature.
Therefore, for a given ambient temperature the EGR for the FSIS-USDA model is, on average,
a function of a slightly higher internal egg temperature.

Figure 3-3. Comparison of Salmonella Enteritidis growth rates in eggs where yolk membrane
permeability is complete as predicted by three exposure assessments.  Growth rate is shown
as an increasing function of storage temperature.

In the FSIS-USDA (1998) exposure assessment, microbial growth dynamics for Salmonella
Enteritidis in eggs are dependent on the internal temperature in the egg.  Yet, available data
on storage and handling usually reflect the ambient temperature surrounding eggs.
Furthermore, the ambient temperature influences internal egg temperature in a variable
manner depending on how eggs are stored and packaged.  Therefore, equations are needed
to predict the change in internal egg temperature across time as the ambient temperature
changes.
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The internal temperature of eggs shortly after lay is approximately 99ºF (37ºC). The
interactions of initial internal egg temperature, ambient temperature, and egg packaging
conditions are used to predict the future internal egg temperature via a simple non-steady state
heat transfer equation.

Log[(T – T0) / (TI  –  T0)] = -kt ,

where T is the internal egg temperature in Fahrenheit at a specific time t (in hours), Ti is the
initial internal egg temperature, and T0  is the ambient air temperature.

The parameter k is a cooling constant (cooling rate per hour) that is estimated from available
data using different packaging materials, methods, and air flow in storage rooms (Table 3-3).
The parameter values range from 0.008 for an egg in a box in the centre of a pallet, to 0.1 for
eggs in a box, to 0.5 for individual eggs exposed to circulating air.

Table 3-3.  Cooling constants estimated from available literature that describes rate of cooling
for various storage situations.

Time and temperature distributions feed into the microbial growth equations via Monte Carlo
simulation to determine a distribution for total logs of growth within contaminated eggs.
Operationally, growth Modeling considers temperatures and times each egg experiences in
each of the stages listed in Table 3-2.  The yolk membrane breakdown time is evaluated for a

Situation k
(h-1)

Reference

Pallet, cardboard & fiber flats, In-line 0.0075 Anderson et al., 1992

Pallet, cardboard boxes 0.008 Czarick & Savage, 1992

Pallet, cardboard boxes, styrofoam 0.013 Czarick & Savage, 1992

Pallet, cardboard, Off-line 0.035 Anderson et al., 1992

Single cardboard case 0.052 Czarick & Savage, 1992

Flats, closed 0.07 Bell & Curley, 1966

Flats, folded shut 0.08 to 0.14 Bell & Curley, 1966

Pallet, plastic baskets, styrofoam 0.11 Czarick & Savage, 1992

Open stack 0.2 to 0.4 Bell & Curley, 1966

Fiber case, foam cartons with & without slots,
moving air

0.24 Stadelman & Rhorer, 1987

Open stack, forced air 0.4 to 1.0 Bell & Curley, 1966

Cryogenic cooling 11 Curtis et al., 1995
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given temperature and compared to the time in each stage.  If the yolk membrane time is
exceeded, then the amount of growth is predicted at the current temperature.

Methods

To model Salmonella Enteritidis growth during the distribution and storage of eggs, we need
the inputs described above.  For each of the stages listed in Table 3-2, growth of Salmonella
Enteritidis in an egg is based on the time and temperature in the stage.  Growth is
accumulated across stages, so that the total number of organisms in each egg modelled
through all stages represents the cumulative effect of the environmental conditions
experienced by that egg between lay and consumption.  Therefore, Modeling of growth within
each stage is a function of:

• X = the number of organisms inside the egg at the start of the stage (logs per egg),

• Y = the amount of YMT remaining for that egg at the start of the stage (%),

• T = the ambient temperature in that stage (Centigrade), and

• t = the time the egg spends in that stage (hours).

In the Health Canada exposure assessment, the following Excel®  (Microsoft, Redmond,
Washington) spreadsheet functions are executed to model growth in a stage.

1. YMT for the stage is calculated as:

24 (hrs/day) * 10(2.07-0.04T)  = YMT (in hours)

2. The fraction of YMT used in the stage is calculated as:

Output of 1 (above) ÷  t = % of YMT used in stage

3. The % of YMT used in the stage is added to the amount remaining at the
start of the stage:

% of YMT used in stage + Y = Cumulative % YMT used

4. A statement of logic determines if the YMT has been expended so that
growth may take place:

IF(Cumulative % YMT used > 1, 1, 0)

5. If the logic of 4 (above) is false (=0), then no growth takes place in the
stage and the next stage in the model is considered.  If the logic of
4(above) is true (=1), then growth is modelled.

6. If growth is modelled, then the growth rate is calculated as:

(-0.13 + 0.04T)2 * log(2) = EGR(logs/hr)

7. To determine the time available for growth, a statement of logic is used:
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IF(Y > 1, 1, 0)

8. If the logic of 7 (above) is true (=1), then the YMT was already expended
in the preceding stage(s).  In this case, the time available for growth is
the time spent in the stage, t.  Therefore, growth in the stage is modelled
as:

EGR(logs/hr) * t = logs of growth in stage

Then logs per egg at the end of the stage equals logs of growth in stage
plus X.

If the logic of 7 (above) is false (=0), then the time available for growth is
some fraction of the total time spent in the stage.  One method for
calculating this is:

[(Cumulative % YMT used) – 1] * YMT (in hours) = time for growth

Then, logs of growth in the stage is calculated as:

EGR(logs/hr) * time for growth  = logs of growth in stage

and this is added to X to calculate the logs per egg at the end of the
stage.

An alternative method for calculating time for growth is best explained
using an example.  Assume that t equals 20 hours and YMT for the
stage is calculated to be 80 hours.  If Y equals 85% (i.e., 85% of the YMT
was expended in previous stages) and the %YMT used in the stage
equals 25% (i.e., 20 ÷  80), then the Cumulative %YMT used in the
stage equals 110%.  Therefore, there was an excess of 10% of YMT
used in the stage.  This stage accounts for 25% of the cumulative YMT
for the egg and 10% of this time was not needed before growth could
occur.  So, 40% (10% ÷ 25%) of the time in the stage the YMT exceeded
100% and growth could occur.  To determine the time for growth in this
case, 40% is multiplied by t (time in stage).  If t equals 20 hours, then the
time for growth equals 8 hours.  This contrasts with the previous method
where the time for growth is a function of YMT(in hours).  Using the
previous method, however, results in the same estimated time for growth
(e.g., (110% – 100%) * 80 = 8 hours).

In the FSIS-USDA exposure assessment, growth is modelled as described above except that
internal temperature is calculated as a function of ambient temperature in the stage and the
growth equations are slightly different.  Modeling internal egg temperature complicates this
model.  Given the internal egg temperature at the beginning of a stage (Ti) the ambient
temperature in the stage (T0), and the time in the stage (t), the average internal egg
temperature (T) is predicted as:

T= exp(-kt / 2) * ( Ti – T0)+ T0

where k is a cooling constant reflecting the storage practices in the stage.  The average
internal egg temperature is selected using the mid-point of the cooling curve.  This average
internal temperature then predicts the YMT for the stage.  Subsequent calculations are similar
to those described above.
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Figure 3-4 shows the predicted logs of growth for the Health Canada and FSIS-USDA
exposure assessments.  Most contaminated eggs have no growth between lay and
consumption.  The Health Canada model predicts that 96% of contaminated eggs do not grow
Salmonella Enteritidis bacteria.  The FSIS-USDA model predicts 90% of contaminated eggs
do not grow Salmonella Enteritidis bacteria.  The expected values of the distributions in Figure
3-4 are 0.09 and 0.53 logs of growth for the Health Canada and FSIS-USDA models,
respectively.

Figure 3-4. Comparison of predicted logs of growth in all Salmonella Enteritidis-contaminated
eggs for two exposure assessment models.

Figure 3-5 illustrates the predicted level of growth for just those contaminated eggs in which
growth occurs.  In the FSIS-USDA model, most of these eggs experience very low levels of
growth, but a substantial fraction also experience the maximum possible growth of 10 logs.
The Health Canada model predicts moderate growth (i.e., 1 or 2 logs) more frequently than the
FSIS-USDA model.  The higher frequency of contaminated eggs with the maximum possible
growth in the latter model results in a larger expected value.
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Figure 3-5. Distributions of logs of growth for those contaminated eggs in which growth occurs.
In this case, frequency represents the proportion of those contaminated in which growth
occurred.

The differences in growth between the FSIS-USDA and Health Canada models are
substantial.  These differences result because there are differences in the time and
temperature distributions modelled.  These differences affect the time until yolk membrane
breakdown, as well as the growth following yolk membrane breakdown.

The yolk membrane breakdown concept in eggs represents a complete threshold to
multiplication of Salmonella Enteritidis in eggs.  For growth to occur, an egg must typically
experience elevated temperatures over a sustained period.  For example, either model
predicts that yolk membrane breakdown requires about 18 days if the eggs are stored at room
temperature (20 C).  This time increases to about 46 days if the storage temperature is 50 F
(10 C).  The average time between lay and consumption in either model is less than 25 days.
A contaminated egg in which growth occurs represents a situation where extraordinarily high
temperatures or times existed.  Consequently, it is reasonable for no – or very little – growth to
occur if yolk membrane breakdown is not achieved, or for considerable growth to occur if yolk
membrane breakdown is complete.

There are 16 growth pathways explicitly modelled in the FSIS-USDA exposure assessment.
These pathways include branches for home or institutional egg users, pooling or not pooling of
eggs, and cooking or not cooking of egg meals.  These pathways are explained in Chapter 5 –
Preparation and Consumption.  In general, amount of growth is primarily a function of whether
the eggs are consumed at homes or institutions.  In contrast, growth is modelled for all eggs in
the Health Canada exposure assessment, without capturing growth for any specific path.

Sixteen average internal egg temperatures are summarized for the FSIS-USDA model and
compared with the average of all eggs in the Health Canada model (Figure 3-6).  Pathways
US1-8 are those paths where eggs are marketed to home consumers.  The average internal
egg temperatures for these paths are nearly uniform across these different pathways, and only
slightly different from the average ambient temperature of eggs in the Health Canada model.
In contrast, pathways US9-16 are those paths where eggs are sold to food service institutions.
Average internal temperatures are also very similar among these pathways, but are higher
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than the average temperature in the Health Canada model.  The variability in average
temperature per egg is also consistently large for all of the US pathways.

Figure 3-6. Comparison of average temperature between lay and consumption for all eggs in
Health Canada exposure assessment model (CA) and average internal egg temperature for
16 pathways in the FSIS-USDA (US) exposure assessment model.  Pathways US1-8 model
eggs consumed at home, and pathways US9-16 model eggs consumed at food service
institutions.

A different pattern in the 16 US pathways is noted for the time between lay and consumption
(Figure 3-7).  The home pathways (US1-8) are associated with longer times than the food
service institutional pathways (US9-16).  The food service pathways are shorter in time, but
have nearly the same variability, as the average time for the Health Canada model.

The inverse relationship between time and temperature noted for the 16 pathways in Figures
3-6 and 3-7 is expected.  Because cooling of the internal contents of eggs is time dependent in
the FSIS-USDA model, longer times, on average, allow the internal temperature of eggs to
decline further than shorter times.
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Figure 3-7. Comparison of average total time between lay and consumption for all eggs in
Health Canada exposure assessment model and for the 16 pathways in FSIS-USDA exposure
assessment model. Pathways US1-8 model eggs consumed at home, and pathways US9-16
model eggs consumed at food service institutions.

Because consumer storage represents the longest period that eggs are held (on average), the
storage temperature in this stage is responsible for much of the difference in growth between
the FSIS-USDA and Health Canada models.  Figure 3-8 shows differences in the frequency of
consumer storage temperatures above 7 C between these models.  In both models, 7 C was
the most likely temperature.  Health Canada modelled consumer storage that included both
home and institutional user behaviours.  The maximum storage temperature in the Health
Canada model is 25 C, but most temperatures are less than 11 C.  FSIS-USDA modelled
storage in the home and at institutions.  In that model, the same storage temperature
distribution applied to both home and institution users, but home storage was longer than
institutional storage.  Ten percent of all eggs were modelled as experiencing temperatures
above 7 C and the maximum temperature modelled was 32 C.  Temperatures between 7 C
and 32 C were equally frequent in the FSIS-USDA model.

0
200
400
600
800

1,000
1,200
1,400
1,600

C
A

U
S

1

U
S

2

U
S

3

U
S

4

U
S

5

U
S

6

U
S

7

U
S

8

U
S

9

U
S

10

U
S

11

U
S

12

U
S

13

U
S

14

U
S

15

U
S

16

Path

Ho
ur

s



DRAFT: DO NOT CITE OR QUOTE 49

Figure 3-8.  Frequency distributions for temperature during consumer storage used in FSIS-
USDA and Health Canada models.  Distributions shown here only describe the frequency of
eggs experiencing temperatures above 7 C (i.e., refrigeration temperature).  The Health
Canada distribution is skewed towards lower temperatures, but the FSIS-USDA distribution is
uniformly distributed between 8 C and 32 C.

Because consumer storage temperature is important to predicting the total logs of growth, we
examined the results of a survey on US refrigeration practices (Audit International, 1999).  This
survey found that for several perishable products examined in home refrigerators, 8% were
above 7 C with a maximum observed temperature of 21 C.  Neither the FSIS-USDA nor
Health Canada models’ distributions precisely reflect the Audit International findings.  FSIS-
USDA  models 10% of temperatures above 7 C, but allows for temperatures up to 32 C.
Health Canada models 51% of eggs above 7 C and the maximum temperature is 25 C.
Nevertheless, the Audits International survey did not specifically address eggs.  Eggs are
possibly more prone to abuse by retailers and consumers than the products included in this
survey.  Therefore, it is difficult to determine which of the two models more correctly reflects
consumer storage behaviour.  Furthermore, it is likely that consumer behaviour in Canada and
the U.S. is different.

To demonstrate the importance of consumer storage temperatures in predicting Salmonella
Enteritidis growth in eggs, we compared the two models’ predictions when similar inputs were
specified (Figure 3-9).  In this case, we modified the FSIS-USDA model by using Health
Canada’s consumer storage temperature distribution as the input for both homes and
institutions.  The resulting distributions are very similar (Figure 3-9).  The modified FSIS-USDA
model predictions are slightly different because that model uses internal egg temperature and
the modified input distributions are ambient temperature.  On average, the FSIS model
predicts that internal egg temperature is greater than ambient temperature.  Besides consumer
storage, the other step where eggs are stored for longer times is retail storage.  Retail storage
temperature is more truncated in the Health Canada model than the FSIS-USDA model.
Nevertheless, Figure 3-9 shows that the underlying mathematics of Modeling Salmonella
Enteritidis growth in eggs are similar in the FSIS-USDA and Health Canada models.
Furthermore, the contrast between Figures 3-5 and 3-9 demonstrate the dramatic effect that
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differences in input temperature distributions can have on predicted Salmonella Enteritidis
growth.  Therefore, evidence on these distributions is critical to improving model accuracy.

Figure 3-9. Comparison of distributions for logs of growth in contaminated eggs when growth
occurs.  In this case, the USDA-FSIS model is modified such that the consumer storage
temperature distribution is the same as that used in the Health Canada model.

Summary

Time and temperature inputs are important in Modeling the distribution and storage of
Salmonella Enteritidis contaminated eggs.  Yet, there is a lack of reliable data to describe
these distributions.  Therefore, time and temperature data specifically addressing eggs is
needed.

In neither exposure assessment was variability explicitly separated from uncertainty.  For
instance, eggs are exposed to a variety of temperatures during each stage listed in Table 3-2.
The Health Canada exposure assessment models this as if we knew - with certainty - that
most eggs in wholesale storage are stored at 4 C, with some eggs stored at temperatures as
low as 2 C or as high as 7 C, but with no eggs exceeding those extremes.  A pert distribution
was used here to model a symmetrical frequency distribution with a mode of 4 C.  In contrast,
the FSIS-USDA exposure assessment assumes that consumer storage at 32 C is just as likely
as consumer storage at 8 C.  In this case, a uniform distribution was used that extended from 8
C to 32 C.  A better approach to the ones used previously is to model a number of different
frequency distributions that describe time and temperature of storage and handling.  This
requires running a series of simulations in which each simulation uses one frequency
distribution for all iterations in that simulation.  The results of different simulations describe the
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uncertainty in the model’s predictions.  Such an approach has been termed second-order
Modeling and its intent is to separate variability from uncertainty in Modeling results.

The differences in average times and temperatures for the home and institutional pathways of
the FSIS-USDA exposure assessment highlight the need to explicitly model complete
pathways to consumption.  In the Health Canada exposure assessment, all end-users are
modelled as drawing from the same growth distribution.  Yet, the FSIS-USDA analysis shows
that there can be different times and temperatures for eggs between these end users.  These
differences can result in differences in growth of Salmonella Enteritidis for eggs consumed at
homes and institutions.  Therefore, we recommend that Salmonella Enteritidis exposure
assessments model growth and preparation/consumption pathways jointly, rather than as
independent predictions.

Predictive microbiology should be a common component of any exposure assessment of
Salmonella Enteritidis in eggs.  Because environmental conditions differ on an international
level, time and temperature distributions may be different between analyses.  Yet, we expect
that microbial behaviour within eggs is consistent regardless of location.  The equations
estimated in the Health Canada and FSIS-USDA assessments for lag period duration and
growth rate were reasonably similar.  These equations were estimated from relevant evidence
concerning Salmonella Enteritidis in eggs.  The Whiting growth curve was actually estimated
from experimental data using Salmonella in broth.  Therefore, this equation is not preferred to
either of the others.  Lacking additional evidence of Salmonella Enteritidis growth dynamics, its
is recommended that either the FSIS-USDA or Heath Canada equations be used in future
exposure assessments.

The results and conclusions of these microbial growth models are dependent on conventional
assumptions regarding mechanisms of egg contamination.  These mechanisms imply that
Salmonella Enteritidis contamination in eggs is initially restricted to the albumen and that such
contamination enters eggs during their formation inside hen’s reproductive tissues.
Additionally, the growth kinetics estimated for these models are assumed to be representative
of all Salmonella Enteritidis strains.  Should these assumptions not hold (e.g., Salmonella
Enteritidis contamination might occasionally occur within the yolk at the time of lay), then the
growth kinetics might differ from those presented.
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Egg products processing

Processing of eggs into egg products involves the commercial breaking of shell eggs and
subsequent processing of their contents for a variety of uses.  Egg products are used in the
commercial food industry as ingredients to a myriad of products.  Institutional users of bulk
eggs frequently prepare pasteurized egg products.  These products are also sold at retail for
home use.  In addition, some egg products have non-food users such as the cosmetic and
pharmaceutical industries.

In the US, the egg products industry is large and complex.  It processes nearly one-third of all
eggs.  There are numerous product lines and a variety of treatments applied in different
processing plants.  Generally, there are three intermediate products: liquid whole egg, liquid
albumen, and liquid yolk.  USDA’s Food Safety and Inspection Service (FSIS) regulations exist
to ensure that egg products are pasteurized or otherwise treated to reduce the risk of
foodborne disease (9 CFR 590).

The inclusion of egg products processing in an exposure assessment of Salmonella Enteritidis
in eggs is controversial.  Since the emergence of Salmonella Enteritidis as an important food
safety pathogen, little evidence has linked pasteurized egg products with human illness
caused by Salmonella Enteritidis.  Because the products are pasteurized, it is generally
assumed that they are safe.  Although a large outbreak in the US indirectly implicated raw
liquid egg products, this was a case of cross contamination and not a result of consuming
pasteurized egg products (Hennessy, 1996).  Nevertheless, pasteurization is not necessarily
completely effective.  Furthermore, implicating egg products as the source of Salmonella
Enteritidis in outbreak investigations would be difficult.  Egg products are usually mixed with
other ingredients.  Therefore, implicating an egg product as the source of an outbreak would
typically require ruling out the other potential sources in a mixed food.

Because egg products are not thought to be a risk for Salmonella Enteritidis illness in humans,
little research exists outlining how, and to what extent, raw liquid egg is contaminated before
pasteurization.  The two exposure assessments that have modelled egg products processing
(Whiting 1997, FSIS-USDA 1998) have concentrated on internally contaminated eggs as the
source of Salmonella Enteritidis in bulk volumes of liquid egg prior to pasteurization.
Nevertheless, the FSIS-USDA exposure assessment did discuss the implications of alternative
sources of the Salmonella Enteritidis in raw liquid egg.

Inputs to an exposure assessment of Salmonella Enteritidis in egg products should include the
concentration of Salmonella Enteritidis in raw liquid product and the effectiveness of
pasteurization.  An output of this model would describe the distribution for number of
Salmonella Enteritidis bacteria surviving the pasteurization process.  The prevalence of
contaminated containers sold for preparation and consumption is another output, as is the
prevalence and concentration of contaminated servings generated from these containers.

Chapter

4
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Contamination sources

Data

The Whiting and FSIS-USDA exposure assessments both considered the likelihood of
contamination of raw liquid egg products to be a function of the prevalence of infected flocks in
the US and the frequency of contaminated eggs produced by infected flocks.  Contamination
levels in raw liquid egg were predicted based on the number of bacteria within contaminated
eggs.  Average values for these inputs – which were discussed in Chapter 2 – are summarized
in Table 4-1.  Whiting actually modelled two scenarios for flock prevalence (10% and 45%), but
Table 4-1 summarizes flock prevalence in this case as the midpoint of these two prevalences.
It should also be noted that the most likely contamination level in Whiting’s model was 30
Salmonella Enteritidis bacteria per contaminated egg.  Nevertheless, heavy contamination
levels are also possible in this model, albeit at low frequencies, and the average number of
bacteria per egg is much larger.

Table 4-1.  Inputs used to model likelihood of contamination – and contamination levels – of
raw liquid egg products in two exposure assessment models.

In the FSIS-USDA (1998) model two additional sources of data concerning raw liquid egg were
considered.  First, a study by Garibaldi (1969) reports the most probable number of Salmonella
bacteria per ml measured in samples of raw liquid egg (Table 4-2).  While this data pertains to
Salmonella in general and not Salmonella Enteritidis specifically, it provides another
perspective on contamination levels in liquid egg.  The expected value of the distribution
reported in Table 2 is 0.8 Salmonella per ml of raw liquid egg prior to pasteurization.

Table 4-2.  Reported numbers of Salmonella sp. in raw liquid egg prior to pasteurization
(Garibaldi, 1969)

Inputs Whiting, 1997 USDA-FSIS, 1998
Prevalence of infected flocks 27.50% 37.50%
Egg contamination frequency in infected flocks 2.00% 0.02%
Numbers of Salmonella Enteritidis per contaminated egg 987 152

Number of Samples MPN Salmonella Frequency
187 0 65.2%
86 0.5 30.0%
10 2.25 3.5%
1 5.3 0.3%
2 24 0.7%
1 110 0.3%
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Another source of data concerning the occurrence of Salmonella Enteritidis in liquid egg are
surveys completed by USDA in 1991 and 1995 (Hogue, 1997) (Table 4-3).  These national
surveys cultured 10 ml samples of liquid egg products over a period of one year each.
Nevertheless, these surveys did not enumerate the bacteria per sample.  About 50% (i.e., 982
÷  1940) of liquid egg bulk tanks sampled were positive for Salmonella  (any serotype) in these
surveys.  Salmonella Enteritidis isolations were less frequent but still substantial given the
limited sample volume (10 ml).

Table 4-3.  Results of national surveys of liquid whole egg prior to pasteurization in the US
(Hogue, 1997)

The Garibaldi (1969) and Hogue (1997) evidence were considered in the FSIS-USDA
Modeling of contamination of raw egg product contamination from sources not limited to
internally contaminated eggs.  The implications of this analysis were not fully explored,
however, because they were beyond the scope of that exposure assessment (i.e., the risk
associated with internally contaminated eggs).

Methods

In the Whiting exposure assessment, the levels of Salmonella Enteritidis per ml of liquid egg
prior to pasteurization are modelled as the product of flock prevalence, egg contamination
frequency in infected flocks, and levels of Salmonella Enteritidis per ml of contaminated egg.
Monte Carlo simulation calculates this product.

The FSIS-USDA exposure assessment simulates the filling of a hypothetical 10,000-lb. bulk
tank.   This model also uses Monte Carlo simulation methods.  Each randomly selected flock
contributes its one-day production to a bulk tank and the total number of flocks contributing
eggs to a bulk tank is determined iteratively until 10,000 lbs. are accumulated.  For example, if
each flock produces 20,000 eggs per day, this roughly equates to 2000 lbs. of liquid egg
product per flock.  Therefore, a 10,000 bulk tank comprises eggs from 5 flocks in this example.
Flock prevalence determines the probability of a flock being Salmonella Enteritidis infected.
Egg contamination frequency determines the number of contaminated eggs produced in a day
of production by an infected flock.  Similarly, the levels of Salmonella Enteritidis per
contaminated egg determines the total load of these bacteria in a 10,000 lb. bulk tank when
summed across all the flocks contributing to that bulk tank.

The resultant contamination levels predicted by the Whiting and FSIS-USDA exposure
assessments are shown in Figure 4-1.  The Whiting distribution predicts generally greater
levels of contamination per ml of liquid whole egg before pasteurization.  Much of this
difference results from the greater egg contamination frequencies modelled in that analysis.

Year
Samples 
collected

Salmonella sp. 
positive

Salmonella Enteritidis 
positive

1991 1003 53% 13%
1995 937 48% 19%
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The mean log concentration is –2.1 for the Whiting distribution and –2.6 for the FSIS-USDA
distribution.

Figure 4-1.  Comparison of predicted contamination distributions in liquid whole egg prior to
pasteurization for two published exposure assessments.  Contamination source is exclusively
modelled as originating from the internal contents of shell eggs.

The FSIS-USDA exposure assessment included a separate analysis which modelled
Salmonella Enteritidis contamination of liquid egg from all sources (i.e., not strictly limited to
internal contamination).  In this case, the data from Garibaldi (1969) is adapted to model the
concentration of Salmonella Enteritidis  per ml in a 10,000 lb. (4.4 million ml) bulk tank.  The
Modeling approach is illustrated in Figure 4-2.  As shown in cell B48, the negative results of
Garibaldi are assumed to equal a concentration of 1 in 100,000 ml.  This concentration was
arbitrarily determined.  The @Risk cumulative function is used to model the average
concentration in a single bulk tank (in cell B57) and the Poisson distribution predicts the
number of organisms in the bulk tank (where Conversions!B13 is the number of litres in a bulk
tank).
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 Figure 4-2.  Spreadsheet used to model Salmonella Enteritidis contamination of whole liquid
egg prior to pasteurization when the source of Salmonella Enteritidis is not limited to just
internally contaminated eggs.

As discussed in the FSIS-USDA (1998) report, use of the Garibaldi (1969) data is problematic.
It does not directly address Salmonella Enteritidis contamination levels, nor is it necessarily
temporally relevant.  Nevertheless, it is the only observational data on concentration of
Salmonella in liquid egg.

An alternative approach to estimating the underlying average concentration of Salmonella
Enteritidis bacteria in liquid egg is to use the USDA survey evidence to impute concentration
(Table 4-3).  These surveys estimate prevalence, but we can infer concentration using a few
assumptions.  First, assume that the samples of liquid egg generally came from the same
population of bulk tanks.  In other words, we might assume that all the bulk tanks were
basically similar and were filled with eggs from flocks that were roughly similar.   Furthermore,
we’ll assume that there were no substantive differences between 1991 and 1995 surveys
regarding the underlying prevalence and concentration of Salmonella and Salmonella
Enteritidis in the US egg industry.

With these basic assumptions we can model the prevalence of Salmonella positive samples
as:

@RISKBETA(982 + 1, 1940 – 982 + 1)

44
45
46

47
48
49
50
51
52
53
54
55
56
57
58
59

A B C D E

Input - SE in a bulk tank (all sources)

Number of 
Samples

MPN 
Salmonella

Cumulative 
Number of 
Samples

Cumulative 
probability

187 0.00001        187 0.652
86 0.5 273 0.951
10 2.25 283 0.986
1 5.3 284 0.990
2 24 286 0.997

 1 110 287 1.000

Expected SE per ml of liquid egg =RiskCumul(0.000001,150,C48:C53,E48:E53)

=RiskPoisson(Conversions!B13*1000*B57)
Expected number of SE in a bulk 

tank

Number of Salmonellae in Commercially Broken 
Eggs Before Pasteurization

Garibaldi, et al., Poultry Science, p 1097, 1969
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Furthermore, we can model the underlying average concentration as a Poisson process;

@RISKPOISSON(V * λ ), where V is the volume of sample collected (10 ml)
and λ is the average concentration of Salmonella per ml in bulk tanks.

If we know prevalence from the Beta distribution, then we know the probability of a positive
sample.  Furthermore, if the average concentration is λ , then we know the probability that a
sample contains one or more organisms is 1 – e(-V λ ) from the Poisson probability function
(i.e., this is also the probability that the sample is positive).  Therefore, we have the following
relationship where we know all but one of the elements.

@RISKBETA(982 + 1, 1940 – 982 + 1) = 1 – e(-V λ )

Solving for λ results in the following function:

λ = – ln(1 – @RISKBETA(982 + 1, 1940 – 982 + 1)) / V

Simulating this equation results in a distribution for λ  with a mean of 0.07 Salmonella per ml
in liquid egg bulk tanks.  Given the large number of samples this estimate is based on, there is
little associated uncertainty about the mean.

To compare this estimate with the Garibaldi (1969) data in Table 4-2, we consider V = 1 ml.  A
Poisson distribution with a mean of 0.07 predicts that 93% of 1 ml samples will contain less
than 1 organism, and 99.99% will contain less than 2.25 organisms per ml.   Garibaldi’s results
show that 95% of samples contained less than 1 organism per ml, and 98.6% contained less
than 2.25 organisms per ml.  While not a perfect match, the imputed distribution from the
USDA data is similar to Garibaldi (1969) except for the very large concentrations detected
infrequently by Garibaldi.

Stipulating the above analysis, we can refine our estimate of Salmonella Enteritidis
contamination.  In this case, we use the Salmonella Enteritidis prevalence data from Table 4-3,
and the solution for λ is 0.018.  The probability of less than one Salmonella Enteritidis
organism in a 1 ml sample equals 98% for this mean.

Melding the estimated average Salmonella Enteritidis concentration with the Garibaldi (1969)
data can be done by assuming that 98% of the time the concentration per ml of raw liquid egg
follows a Poisson distribution, and the remaining 2% of the time it follows a cumulative
distribution based on the non-zero Garibaldi data (Table 4-2).   Furthermore, the Garibaldi data
suggest that the variability in concentration per ml may be exponentially distributed.  If we
assume that λ is the mean concentration among 98% of the bulk tanks, then the exponential
distribution can be used to model variability in the mean concentration from one bulk tank to
another.

Figure 4-3 illustrates how the direct use of the Garibaldi (1969) data compares with the method
described above.  Modeling the Garibaldi data using a cumulative distribution results in bi-
modal pattern with many observations at or below one in 100,000 ml, but another peak at just
under one per ml.  Using the alternative approach based on the data in Table 4-3 results in
concentrations centred on one per 30 ml.  The expected values of the FSIS-USDA and
alternative method distributions are 0.8 and 0.4 Salmonella Enteritidis organisms per ml,
respectively.
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Either of the approaches used to model Salmonella Enteritidis contamination from all sources
seems plausible, but the differences in the distributions – although not dramatic – suggest the
need for better data than is currently available.

Figure 4-3.  Comparison of distributions predicted by FSIS-USDA (1998) exposure
assessment model and alternative method using Beta and Poisson distributions, for
contamination levels per ml in liquid whole egg.  All sources of Salmonella Enteritidis are
considered in these predictions.  The FSIS-USDA (1998) distribution is based on Garibaldi
(1969).

Pasteurization

Data

In the Whiting exposure assessment, thermal inactivation was based on evidence of 17
Salmonella Enteritidis strains in liquid whole eggs (Shah, 1991).  In the FSIS-USDA (1998)
model, additional studies by Humphrey (1990) were included with the Shah (1991) data.

The FSIS-USDA exposure assessment separately evaluated the performance of
pasteurization on liquid albumen.  This evaluation considered three publications (Froning 1997,
Schuman 1997, and Palumbo 1996) that considered different pH levels of the albumen.
These studies showed that the pH of albumen was critical to the effectiveness of
pasteurization of this product.

The FSIS-USDA exposure assessment also evaluated pasteurization of egg yolk.  There were
three studies included in this evaluation (Humphrey 1990, Palumbo 1995, Schuman 1997).
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Methods

For comparison of methods used in the two exposure assessments, this discussion is limited
to the effectiveness of pasteurization as applied to liquid whole egg.  The Whiting exposure
assessment only considered this product.

In the Whiting model, a regression equation was estimated for log (D), where D is the time in
seconds to achieve a one log reduction in Salmonella Enteritidis organisms.  The equation
estimated was:

Log(D) = 19.104 – 0.2954T

where T is in degrees centigrade.  A standard deviation for Log D in this equation was
approximated as 0.25.

The FSIS-USDA model estimated the following regression equation:

Log(D) = 13.027 – 0.2244T

where D is minutes to achieve a one log reduction.  The standard deviation for Log D was
estimated as 0.16.

To model the variability in pasteurization effectiveness for liquid whole egg, values of D were
estimated for specific time and temperature combinations.  The FSIS standards require the
application of 60 C for 3.5 minutes for liquid whole egg.  For this temperature, log(D) equals
1.4 seconds and -0.44 minutes for the Whiting and FSIS-USDA exposure assessments,
respectively.   In log space, the log of the log reduction for 3.5 minutes is calculated as log(3.5)
– log(D).  To determine the mean log reduction, we calculate the antilog as 10(log(3.5)-log(D)).
Nevertheless, there is variability in this value and this variability is modelled using the
lognormal distribution (i.e., 10(@RISKLOGNORM((log(3.5)-log(D)), s.d), where s.d. is the standard deviation
estimated for each of the regression equations.

Figure 4-4 shows the predicted distributions for thermal inactivation of Salmonella Enteritidis in
whole liquid egg.  The FSIS-USDA distribution implies slightly greater reductions than the
Whiting distribution, but both distributions imply substantial variability.  The apparent improved
effectiveness of the FSIS-USDA curve reflects the incorporation of additional evidence not
considered in the Whiting assessment.  This additional evidence also slightly reduced the
standard deviation of the estimated regression.
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Figure 4-4. Comparison of predicted effectiveness of a specific pasteurization protocol applied
to liquid whole egg for two exposure assessments.

To model the concentration of Salmonella Enteritidis remaining in a volume of liquid whole egg
after pasteurization, both exposure assessments used Monte Carlo techniques.  Given an
initial log concentration in raw liquid whole egg (A), and the log reduction caused by
pasteurization (B), the logs remaining equals A – B.

The distribution for level of contamination after pasteurization was simulated for both exposure
assessments (Figure 4-5).  The distributions in Figure 4-5 were estimated using initial
contamination distributions representing Salmonella Enteritidis that originated from internally
contaminated eggs (i.e., Figure 4-1).   Given that a typical 10,000 lb. lot of liquid whole egg
consists of about 4.4 million millilitres, or 6.6 logs, this graph suggest that Salmonella
Enteritidis bacteria surviving pasteurization is infrequent.  For example, <0.1% of bulk tanks
have concentrations greater than one in 10 million ml in the FSIS-USDA exposure
assessment.  About 2% of bulk tanks have concentrations greater than one in one million ml in
the Whiting assessment despite the greater incoming concentrations – and less effective
pasteurization – estimated in that model.
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Figure 4-5. Comparison of residual concentration of Salmonella Enteritidis per ml of liquid
whole egg following pasteurization for two completed exposure assessments.  Contamination
of liquid whole egg prior to pasteurization was modelled as only originating from internally
contaminated eggs.  Because of the extremely small likelihood of contamination remaining at
low concentrations, the distributions were truncated at –10 logs.

If we were to assume that all liquid whole egg product was collected and pasteurized in 10,000
lb. units, then we can estimate the frequency of bulk tanks in which one or Salmonella
Enteritidis survive.  Furthermore, this analysis can be conducted assuming the incoming
concentration is based on all sources of Salmonella Enteritidis (Figure 4-3).  In this case, we
model the number of Salmonella Enteritidis in a bulk tank prior to pasteurization, X, as a
Poisson(V λ ) distributed variable where V is 4.4 million ml and λ is the concentration of
Salmonella Enteritidis per ml based on the distributions in Figure 4-3.

Given X, the number of Salmonella Enteritidis in a bulk tank, and P, the log reduction resulting
from  pasteurization, we can model the number of bacteria remaining after pasteurization as:

@RISKPOISSON(10(log(X)– P)).

This algorithm is applied using the two distributions in Figure 4-3, as well as the FSIS-USDA
pasteurization effectiveness distribution (Figure 4-6).  Regardless of the initial contamination
concentration assumed from Figure 4-3, more than 95% of the bulk tanks have no bacteria
remaining after pasteurization.  Of those with some residual Salmonella Enteritidis after
pasteurization, the most likely number is less than 10 organisms per 4.4 million ml of liquid
whole egg.  If we assume that a typical serving size is 100 ml of liquid whole egg, and the
concentration in a particular bulk tank is 10 organisms per 4.4 million ml, then the likelihood of
a serving containing one Salmonella Enteritidis bacteria is 0.02%.  The probability of a serving
containing more than one organism is exceedingly small.  Given that at least some liquid
whole egg products will be further heat treated (i.e., cooked) before consumption, the risk is
even less than suggested by this analysis.
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Figure 4-6.  Predicted numbers of Salmonella Enteritidis organisms remaining after
pasteurization of 10,000 lb. bulk tanks.  Incoming concentrations are modelled using the
distributions in Figure 3 for the FSIS-USDA model and an alternative estimate.  In both cases,
it is presumed that Salmonella Enteritidis originates from all sources, including but not limited
to internally contaminated eggs.

Summary

The methodologies used by Whiting and FSIS-USDA are similar.  The differences in results
between these models are mostly caused by differences in modelled concentrations before
pasteurization.  These differences originate in the respective production models as described
Chapter 2 – Production.  The methods described here are reasonable given the limited
epidemiologic information linking Salmonella Enteritidis in egg products to adverse human
health events.  Furthermore, data concerning concentrations of Salmonella Enteritidis prior to
pasteurization are lacking.  Therefore, much uncertainty attends the Modeling of initial
contamination.  To predict the effectiveness of regulatory standards concerning egg products,
there is a need for additional data concerning the concentration of Salmonella Enteritidis in raw
liquid egg before pasteurization.

A dramatic result of these analyses is the implied variability in pasteurization effectiveness.
This finding is supported by subsequent analysis (Gerwen, 2000).  The standard errors of the
estimated regression equations are assumed to represent variability in log(D) at all
temperatures.  The assumption seems warranted given the stipulations of linear regression
analysis.  Nevertheless, the standard error term arguable represents variability only.  The
unknown effect of measurement error might contribute to the calculated standard error of a
regression analysis.  Yet, quantifying the effect of measurement error requires more
information than is usually available from published studies.

Lacking evidence of the degree of measurement error, it seems reasonable to assume the
standard error term of a linear regression analysis represents variability in the system.  To
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incorporate uncertainty into an exposure assessment, the linear regression itself can be re-
estimated using bootstrapping or jackknifing techniques to explore the effect of different or
fewer observations.  Such techniques then allow the explicit separation of variability and
uncertainty in this analysis.

Implicit in these models is the assumption that pasteurized egg products are contaminated
because pasteurization fails to eliminate all the Salmonella Enteritidis organisms.  No
consideration is given to possible re-contamination of egg products following pasteurization.  If
egg products are not hygienically handled after pasteurization, this limitation may be important.

This discussion of egg products processing has also assumed that commercially broken eggs
will be pasteurized.  Yet, there may be situations where liquid egg is not pasteurized.  In such
cases, the estimation procedures discussed for raw liquid egg would serve as the starting point
of an analysis of the risk these products pose to consumers.  While the risk seems high in the
examples described here, other situations may predict different results.
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Preparation and consumption

The preparation and consumption stage is concerned with the end-users of eggs, the manner
in which these end-users store and prepare their eggs, and the effectiveness of practices
these end-users apply to destroy Salmonella Enteritidis bacteria in prepared meals.  Inputs
include pooling practices, serving sizes, pathway probabilities, and cooking effectiveness.

This stage considers eggs following their production, distribution, and storage.  Therefore, the
number of bacteria within contaminated eggs – and the lag period remaining for these eggs –
are fixed at the beginning of the Preparation and Consumption stage.

The output of this stage is a distribution of the doses of Salmonella Enteritidis bacteria in
servings.  This distribution may be refined to reflect the frequency of servings that contain
various levels of Salmonella Enteritidis bacteria for specific end-users (e.g., homes or
institutions), or specific meal types (e.g., pooled or non-pooled egg dishes), or specific cooking
practices (e.g., raw versus cooked meals).

Given the multiple pathways within the Preparation and Consumption stage, and the
dependency of Salmonella Enteritidis amplification and destruction on the pathway modelled,
this part of a risk assessment model is likely to be the most complicated.  Complexity is
expected because each pathway must be modelled separately, and multiple iterations are
necessary per pathway to accurately represent the variability of growth.

Egg pooling and serving size

Pooling refers to the practice of breaking eggs into containers and using the combined eggs to
make multiple servings of egg dishes or for use in multiple recipes.  Pooling is usually done to
save time and control portion size.  Pooling does not mean simply combining eggs.  As an
example of pooling, several dozen eggs could be broken into a large bowl and mixed before a
restaurant opens for breakfast.  Then as orders for scrambled eggs are taken, portions are
ladled from the bowl and cooked.  On the other hand, mixing a dozen eggs into a cake batter
would not constitute pooling because the cake could not be made with less than a dozen eggs.
Pooling is essentially exposing consumers to more eggs than they ordered.

As a result of pooling, Salmonella Enteritidis bacteria from a single egg are immediately spread
to all eggs in the pool, and the bacteria are given immediate opportunity to grow without
needing to wait for a breakdown in yolk membrane integrity.

The likelihood that eggs are pooled is probably different between home use and institutional
use, as is the number of eggs that constitute a pool.  Following pooling, there is possible

Chapter

5
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storage before cooking.  Also, the likelihood that eggs are undercooked is probably different
between eggs cooked at home versus those cooked at institutions.

When eggs are consumed as single eggs, there is a 1:1 correspondence between
contaminated eggs and servings.  Using eggs as ingredients results in a 1:>1 correspondence
between contaminated eggs and servings.

Data

Data are needed to estimate the fraction of all eggs consumed in the home versus institutional
settings.  Similarly, data are needed which describes the fraction of eggs consumed in pooled
dishes, the fraction of meals consisting only of eggs or where eggs are used as ingredients,
and the fraction of meals undercooked.  We can consider these probabilities fixed in the
model; they do not vary but they are uncertain.  Additional data are needed to describe how
eggs are handled after they are pooled in homes and institutions.  These inputs will have both
variability and uncertainty associated with them.

Unfortunately, for both the Health Canada and FSIS-USDA exposure assessments little data
were available to estimate these inputs.  Therefore, distributions were defined based on the
opinions of the analysts with comments from reviewers of the models.

The assumed probability of pooling and number of eggs per pool for the two risk assessments
are summarized in Table 5-1.  Generally, the @RISKPERT(minimum, most likely, maximum)
distribution was used.  This distribution is an alternative to the more traditional triangular
distribution.  The pert distribution has a smooth shape that assigns less probability weight to
the distribution tails than the triangular distribution.  Nevertheless, the value of both these
distributions is that the user can define the most likely value and absolute minimum and
maximum values based on opinion.  The uniform distribution is another alternative that is less
informed.  That distribution only requires the user to define minimum and maximum values.

Table 5-1.  Pooling inputs used in two exposure assessments.

When eggs are used as ingredients in the Health Canada exposure assessment, the number
of servings generated is the same as the number of servings when eggs are pooled.  In
contrast, the FSIS-USDA exposure assessment analyzed a computerized recipe program to
determine the number of servings when eggs are used as ingredients in the home.  The
distribution ranged from two to 10 servings, with a mean of six servings.  In the case of eggs
used as ingredients in institutions, the distribution used for pooled servings was doubled.

Input Location Health Canada, unpublished USDA-FSIS, 1998
Home Pert(25%,30%,35%) Pert(0%,2%,10%)
Institution Pert(25%,35%,45%) Pert(2%,5%,20%)
Home Pert(1.5, 2.5, 3) Pert(2, 4, 12)
Institution Pert(25, 50, 75) Uniform(6, 48)

Probability of pooling

Pool size          
(servings per pool)
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Methods

Both the Health Canada and FSIS-USDA exposure assessments consider pooling of eggs.
Nevertheless, there is considerable disparity in how pooling is modelled and in the subsequent
results.

In institutions, the Health Canada assessment models larger pools than the FSIS-USDA
assessment.  In the home, the pools are larger for the FSIS-USDA assessment than the
Health Canada assessment.  Figures 5-1 and 5-2 show the results of Modeling the pool sizes
for homes and institutions for the two exposure assessments.

Figure 5-1. Modelled size of egg pools in homes for Health Canada and FSIS-USDA exposure
assessments.  Distribution assumptions are as shown in Table 5-1.
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Figure 5-2. Modelled size of egg pools in institutions for Health Canada and FSIS-USDA
exposure assessments.  Distribution assumptions are as shown in Table 5-1.

Furthermore, the Health Canada exposure assessment assumes a single destination for
pooled eggs – scrambling.  Scrambling eggs is highly effective at destroying bacteria in the
Health Canada model.  The FSIS-USDA exposure assessment allows pooled eggs to be
served as egg meals or incorporated as ingredients in recipes.  The distinction is important
because of the post pooling storage that is explicitly modelled in the FSIS-USDA exposure
assessment.  This post pooling storage gives eggs an immediate opportunity to grow without
needing to wait for a breakdown in yolk membrane integrity.  In the Health Canada model
pooling has no effect on the number of Salmonella Enteritidis bacteria in a serving.
Nevertheless, pooling does increase the likelihood of illness from a single egg because there
are more exposures to the bacteria.  In the FSIS-USDA model, the number of Salmonella
Enteritidis bacteria in a serving is decreased as the pool size increases, but the model also
simulates post pooling growth and assumes that bacteria are able to grow immediately after
pooling.

The attributable risk in the modelled output of the two risk assessments differs significantly.
Though pooled eggs account for 17.7% of all servings in the Health Canada exposure
assessment, only 6% of the risk of Salmonella Enteritidis illness comes from pooled eggs.  On
the other hand pooled eggs in the FSIS-USDA exposure assessment account for 13.1% of all
servings while contributing to 26.8% of the illnesses (Table 5-2).
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Table 5-2.  Percent of illnesses attributed to pooled eggs and percent pooled eggs

Health Canada FSIS-USDA
Percent Illnesses
from Pooled Eggs 6.0% 26.8%

Percent Pooled
Eggs 17.7% 13.1%

Pathway probabilities

The Preparation/Consumption stage considers the effect of end-user location.  For example,
eggs consumed in the home are likely to be handled differently than eggs consumed in
restaurants or other food service institutions.  It seems likely that eggs stored in the home are
exposed to different storage times and temperatures relative to those stored at institutions.

Ideally, we would have access to data generated from studies that sought to chronicle the life
of a contaminated egg subsequent to its production.  If possible, such studies would report the
number of bacteria at the beginning of the egg’s life, then describe the effect of time and
temperature as the egg moved from the farm to consumption.  Having done this for thousands
of eggs, we would theoretically have a very good understanding of how eggs are handled
during marketing and preparation.  Unfortunately, such data do not exist.  Therefore,
understanding the effect of preparation and consumption on Salmonella Enteritidis in eggs
requires considering the limited evidence and dividing the problem into small enough pieces as
to make expert opinion meaningful.

Pathway probabilities ultimately are used to determine the fraction of all egg-containing
servings consumed by each of the endpoints defined by the risk analyst.  The sum of the
endpoint probabilities should equal 100% to signify that all servings are accounted for in the
model.  Nevertheless, the endpoints do not fully describe the risk of Salmonella Enteritidis in
eggs.  These endpoints serve only to categorize the general pathways that eggs may travel.
The consequence of the servings consumed at a particular pathway endpoint is a distribution
of number of contaminated servings at different dose levels.

A very simple model might assume that the distribution for number of Salmonella Enteritidis
per serving is the same regardless of where, what, or how the serving was prepared or
consumed.  In this simple example, the initial contamination level in the egg and the growth
dynamics within the egg, as well as the effectiveness of cooking, is always the same for all the
pathways.  The conclusion of such an analysis would be that the most risk is associated with
the most probable pathway.  Yet, such a conclusion is trite.  Microbial growth dynamics and
cooking effectiveness are completely independent of the pathways in this example.
Essentially all that has been done is to apportion consumers into categories and the largest
category is where most illnesses occur.

A more complicated, but more rewarding, approach to building an exposure assessment
model is to construct pathways and their inputs such that the endpoint is dependent on the
pathway.  To varying degrees, this was done in the Health Canada and FSIS-USDA exposure
assessments.
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Data

Opinion, expert and otherwise, plays an important part in defining the shape and content of
distributions when data are lacking.  Often, expert opinion is based on data that have not yet
been sufficiently analyzed.  In such cases, the exposure assessment helps to document this
data.

Absence of data increases uncertainty.  Such uncertainty should be reflected in more
dispersed inputs and outputs.  Uncertainty distributions that are too narrow incorrectly imbue
the model output with more confidence than is warranted.  Furthermore, the narrow uncertainty
associated with the output serves as a disincentive to collect additional information.

In general, little data are available for calculating path probabilities in the preparation and
consumption stage.  In the Health Canada exposure assessment, a CEMA survey was cited
as evidence concerning the probability that single eggs were fried or scrambled.  Otherwise,
most probabilities were estimated based on opinion.

In the FSIS-USDA exposure assessment, evidence on the probability that pooled eggs are
consumed as single egg meals and are undercooked came from a 1996-97 Food
Consumption and Preparation Diary Survey.  This survey showed that 27% of all egg dishes
were consumed as undercooked meals.  Another survey estimated that each person
consumed undercooked eggs 19 times per year (Lin, 1997).  The FDA Food Safety Survey
was also cited as evidence on the probability that a pooled egg is used as an ingredient in the
home and is not cooked (Klontz, 1995).  The Lin (1997) study also showed that the average
frequency was 0.4 raw eggs consumed per consumer per year.

Although both risk assessments described their uncertainty in path probabilities as distributions
(usually pert distributions), we summarize the average probabilities assumed by each model in
Tables 5-3 and 5-4.

Table 5-3.  Summary of average pathway probabilities assumed in Health Canada
exposure assessment.

Location Meal type Health Canada
Home Ingredients 45%
Institution Single egg 55%
Home Single egg 45%
Institution Ingredients 55%
Home Ingredients 2%
Institution Ingredients 2%
Home Ingredients 30%
Institution Ingredients 30%
Home Ingredients 68%
Institution Ingredients 68%
Home Single egg 45%
Institution Single egg 60%
Home Single egg 25%
Institution Single egg 1%
Home Single egg 30%
Institution Single egg 39%Fraction of meals scrambled

Fraction of eggs used

Fraction of meals served raw

Fraction of meals lightly cooked

Fraction of meals well cooked

Fraction of meals fried

Fraction of meals boiled
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Table 5-4.  Summary of average pathway probabilities assumed in FSIS-USDA exposure
assessment.

Methods

The Health Canada and FSIS-USDA exposure assessments model eggs through distinct
pathways.  The Whiting (1997) risk assessment considers a single product (mayonnaise)
consumed in the home.  Therefore, we will only compare the methods used in the Health
Canada and FSIS-USDA models.

The Health Canada exposure assessment models twelve combinations of location (home ([H]
or food service facility [F]), use (egg meal [E] or recipe [R]), and type of cooking (boiled [B],
scrambled [S], or fried [F] for egg meals, raw [R], lightly cooked [L], or well cooked [W] for
recipes).  Each of these paths is replicated for three types of growth: none, some, or maximum
growth.  A total of 36 distinct pathways are thus modelled.  The Health Canada exposure
assessment considers growth to be independent of pathway.  Thus, regardless of the eventual
location or use of the egg, there is a .962 probability that no growth will occur, .036 probability
that some growth will occur and .002 probability that maximal growth will occur.  Table 5-5 lists
the twelve pathways and the associated endpoint probability for each.

Pooled Not pooled
Home 3% 97%
Institution 7% 93%
Home Ingredients 30% 30%
Institution Single egg 50% 70%
Home Single egg 70% 70%
Institution Ingredients 50% 30%
Home Ingredients 2% 2%
Institution Ingredients 15% 15%
Home Ingredients 98% 98%
Institution Ingredients 85% 85%
Home Single egg 67% 67%
Institution Single egg 67% 67%
Home Single egg 33% 33%
Institution Single egg 33% 33%

USDA-FSIS
Location Meal type

Fraction of meals served raw

Fraction of meals well cooked

Fraction of meals thoroughly cooked

Fraction of meals lightly cooked

Fraction of eggs used
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Figure 5-3.  Schematic diagram of pathways modelled in the Health Canada exposure
assessment.  Codes are explained in text.

Table 5-5. Path probabilities in Health Canada exposure assessment.  Coding is
explained in text.

Name of path Probability of path
FMF 0.0825
FMS 0.0536
FMB 0.0014
FRR 0.0023
FRL 0.0338
FRW 0.0765
HMF 0.1856
HMS 0.1238
HMB 0.1031
HRR 0.0068
HRL 0.1013
HRW 0.2295

Setting

Home Institution

Ingred. Eggs Ingred. Eggs

Cooking Cooking Cooking Cooking

F

S

B F
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Figure 5-4.  Schematic diagram of pathways modelled in the FSIS-USDA exposure
assessment.  Codes are explained in text.

The FSIS-USDA exposure assessment models sixteen combinations of location (home [H] or
institution [I]), pooling (pooled [P] or not pooled [N]), use (single egg meal [E] or ingredient in a
recipe [I]), and type of cooking (thorough [T] or lightly cooked [L] for egg meals, cooked [C] or
raw [R] for ingredients).  This model considers growth to be dependent on pathway.  In other
words handling of eggs in homes may differ from handling of eggs in institutions.  Modeling this
dependency avoids situations where the model depicts results of particular time and
temperature inputs that should not occur in a particular setting.  The FSIS-USDA exposure
assessment replicates each of the sixteen pathways up to 102 times to weight the contribution
of each pathway.  A total of 309 pathways are thus modelled on each iteration.  Though this
approach allows rapid evaluation of the effect of various inputs, it is an inefficient way to model
the pathways.  A better alternative is to collect output from each of the pathways and then
integrate the results by weighting them by the pathway probabilities.  Table 5-6 lists the sixteen
pathways and the associated endpoint probabilities for each.  As can be seen in the table, one
path accounts for nearly 34% of all eggs (HNET) while another for only 0.01% (HPIR).

From the distribution and storage chapter, it can be recalled that the probability of eggs being
consumed in the home is about 75%.  We can use that information and the information in
Table 5-4 to illustrate how final path probabilities in Table 5-6 can be calculated.  For example,
the HNET pathway represents the fraction of eggs that are consumed in the home in non-
pooled single egg meals that are thoroughly cooked.  The fraction of all eggs consumed that
travel the HNET pathway can be calculated as the product of the following terms; the
probability that eggs are consumed in the home (75%), the probability that home eggs are not
pooled (97%), the probability that pooled eggs in the home are consumed as single egg meals
(70%), and the probability that these meals are thoroughly cooked (67%).  The product of
these probabilities equals 34%.  This is approximately the same as that shown in Table 5-6 for
the HNET pathway.  Differences are partly due to rounding error and the fact that the

Setting

Home Institution

Pooled Not pooled Pooled Not pooled

Ingred. Eggs Ingred. Eggs Ingred. Eggs Ingred. Eggs

Cooking Cooking Cooking Cooking Cooking Cooking Cooking Cooking

Egg-containing servings are cooked to varying degrees, or served uncooked

C R T L C R T LC R T L C R T L
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probabilities are actually skewed distributions for which the mean of the product does not
precisely equal the product of the mean.

Table 5-6. Path probabilities in FSIS-USDA exposure assessment.  Coding is explained in text.

Name of path Probability of path
HPET 0.0104
HPEL 0.0054
HPIC 0.0066
HPIR 0.0001
HNET 0.3374
HNEL 0.1738
HNIC 0.2144
HNIR 0.0047
IPET 0.0057
IPEL 0.0029
IPIC 0.0073
IPIR 0.0013
INET 0.1061
INEL 0.0547
INIC 0.0586
INIR 0.0103

Cooking

Data

Data are available for d-values and z-values for Salmonella Enteritidis in eggs.  Unfortunately,
these values are not helpful unless information on cooking times and temperatures is also
available.  Inputs to both exposure assessments are thus based on results of direct
measurements of log reduction for different types of cooking when applied to single egg meals.

Some data pertaining to expected log reduction when eggs are undercooked was cited in the
FSIS-USDA exposure assessment (Humphrey, 1989).   This evidence provided estimates of
the effectiveness of boiling, frying, and scrambling eggs at suboptimal temperatures.

Methods

The Health Canada and the FSIS-USDA exposure assessments use almost identical inputs to
model the log reduction predicted from various types of cooking (Table 5-7).
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Table 5-7. Comparison of distributions used to model the log reduction from cooking different
single egg servings in the Health Canada and FSIS-USDA exposure assessments.

When eggs are used as ingredients in recipes, however, the Health Canada and the FSIS-
USDA exposure assessments differ markedly in how they model the log reductions.  Figure 5-
5 shows that the Health Canada exposure assessment uses a bimodal distribution with peaks
around 3 and 10 logs.  The FSIS-USDA exposure assessment has an equal likelihood of any
log reduction from 0 to 8.

Figure 5-5. Comparison of predicted effectiveness of cooking meals containing eggs as
ingredients for two risk assessments.

Table 5-8 summarizes the pathways and events within pathways including cooking for the two
exposure assessments.  Although average values are shown in this table, it is important to
realize that specific values can vary from one egg to the next.  The table is organized to
associate similar pathways defined in the two exposure assessments.  Therefore, the pooled

Minimum Most Likely Maximum Minimum Most Likely Maximum

Log Reduction - Scrambled Pert 4 6 7 0 6 7

Log Reduction - Boiled Pert 0.5 1 7 0 1 7

Variable Distribution type
Health Canada, unpublished USDA-FSIS, 1998

Log Reduction - Fried Eggs Pert 1 4 7 0 4 7

0.00
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egg pathways, _P__, in the FSIS-USDA assessment are associated with the scrambled
cooking pathways, __S, of the Health Canada assessment.  Those FSIS-USDA pathways
Modeling eggs consumed in either homes or institutions that were prepared as single egg
meals and not thoroughly cooked did not neatly fit within one of the Canadian pathways.
These pathways actually would fit in all three of the cooking types (e.g., HMF, HMB, and HMS)
modelled in the Health Canada assessment.  For simplicity we simply separate these
pathways in the Table 5-8.  Other associations were similarly made to simplify this
presentation.  Nevertheless, direct comparisons for path probabilities are problematic based on
these associations.

Table 5-8 illustrates some of the similarities between these two analyses.  Average initial
contamination levels are the same for all pathways within each exposure assessment, and
these are similar between the assessments.   Average logs of growth are the same for all
pathways in the Health Canada assessment (i.e., 0.14 logs per egg), but vary by location (e.g.,
home or institution) and pooling practices (e.g., pooled or not pooled) in the FSIS-USDA
assessment.  The logs of growth for institutional users of non-pooled eggs is similar for both
assessments (i.e., 0.14 versus 0.24 logs per egg).  For all other pathways, the FSIS-USDA
predicts more growth.  In particular, the FSIS-USDA pooled pathways average one log of
growth more than the Health Canada pathways.  Such results reflect the explicit Modeling of
growth after pooling in the FSIS-USDA model.  Cooking effectiveness is also similar between
both models.  The only dramatic difference is the average log reduction for well-cooked meals
containing eggs as ingredients (i.e., 10.2 logs reduction in the Health Canada assessment).

A quantitative farm to table model of Salmonella Enteritidis will contain the components shown
in Table 5-8.  Using a Monte Carlo approach, the initial logs of bacteria are added to the logs of
growth to determine the pre-cooking exposure.  Log reduction from cooking is then subtracted
to determine the exposure dose remaining.  These calculations are completed for each of the
pathways.  Because the inputs (i.e., initial logs, logs of growth, and logs reduction) are random
variables, Monte Carlo simulation does the calculations iteratively to determine a final
distribution for each pathway.  Pathway probabilities and number of servings then serve to
weight each distribution.  In this manner, we can integrate these multiple distributions into a
single exposure distribution.
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Summary

Absence of data should increase the uncertainty in an exposure assessment.  If one can
imagine that replacing a triangular distribution based on expert opinion with an empiric
distribution based on limited test data would increase uncertainty, then the original distribution
must be too narrow.

Careful attention should be placed on those areas in exposure assessments in which the
product changes form or the units change.  Pooling eggs into a container creates a product
distinctly different from shell eggs.  This product is able to support immediate bacterial growth
and its storage must be modelled as a unique event.

Not all available data are necessarily useful to an exposure assessment.  Detailed information
on certain processes often can not be used without more information.  In the case of
Salmonella Enteritidis, knowing the d-values does not help in construction of a model unless
cooking times and temperatures are either known or can be modelled.  Yet, the high degree of
uncertainty and variability in cooking effectiveness inputs noted in this comparison of models
points out the need for more research on these inputs.

Given the dearth of published evidence on relevant egg consumption and preparation
practices among populations of end-users, the preparation and consumption component of an
exposure assessment is the most difficult to accurately model.  Unfortunately, even with
perfect information, this component is very complicated.  Multiple pathways reflecting multiple
end-users, products, practices, and cooking effectiveness levels guarantee that the
preparation and consumption component is fraught with difficulties.  Nevertheless, the strides
taken in both the Health Canada and FSIS-USDA models can serve as reasonable starting
points for subsequent analyses.

Neither model includes the possibility of recontamination of egg meals following cooking.
These models also do not account for possible cross-contamination of other foods from
Salmonella Enteritidis contaminated eggs.  These limitations might be addressed in future
models.
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Appendix

Summary of references

For the comprehensive performance of the exposure assessment of SE in eggs and to
support further risk assessment on this pathogen-commodity combination, currently
available data are collected from scientific literatures and summarized in the following
table. This table also contains data that were provided from several countries in response
to call for data of WHO and FAO.
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Production
(Flock Prevalence)
Methods Results
Coppe, C. et al. (1991) The prevalence of Salmonella enteritidis and other Salmonella spp. Among Canadian
registered commercial layer flocks. Epidemiology and Infection, 106,259-270.

commercial layer flock prevalence SE                                 8
flocks, 20 samples each

4/20, 0/20, 0/20, 2/20, 9/20, 0/20, 1/20, 1/20 of
faeces, 0/4, 2/4, 1/4, 1/4, 3/4, 1/4, 0/4, 0/4 of egg belt

faecal and egg belt 152/295 flocks (52.9%) were Salmonella
8/295 (2.7%) flocks were SE positive

Feed 21/295 flocks (7.2%) were Salmonella positive

Ebel, E.D. et al. (1992) Occurrence of Salmonella enteritidis in the U.S. Commercial egg industry: Report on a
National spent hen survey. Avian Diseases 36, 646-654.

National spent hen survey 111/406 layer hen were positive in SE

22/44, 35/49, 20/85, 3/34, 1/38, 14,64 16/92

Sunagawa, H. et al. (1997) A survey of Salmonella enteritidis in spent hens and its relation to farming style in
Hokkaido, Japan. International Journal of Food Microbiology, 38, 95-102.

Spent hen survey

total 740 birds in 37 flocks of 27 farm 50/740 (6.8%) was positive in Salmonella. 37 flocks,
22 farm

20 g intestine and cholecyst samples were collected, and
cultured in EEM, rappaport, DHL agar

3/740 (0.4%) was positive of SE.                           1/2
flocks, 2/40 samples and 1/5 flocks, 1/100 samples

Kinde, H. et al. (1996) Salmonella enteritidis phage type 4 infection in a commercial layer flock in Southern
California: Bacteriologic and epidemiologic findings. Avian Diseases, 40, 665-671.

Isolation from flocks SE PT4 5/8 isolates in the 176,000 birds

Prevalence of SE PT4
Caged birds                                    1.7%

Free range birds                             50%
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Culled birds (dirty floor houses) 14-42%

Group D Salmonella was isolated from
2-28 /10,000 caged birds,
1.5-4.1 /10,000 three infected houses
14.9-19.1/10,000 free range birds in 2 houses
SE were positive in 6/48 (12.5%) mouse, 4/7
(57%)cat, 2/2 skunk

Hopper, S.A. and Mawer, S. (1988) Salmonella enteritidis in a commercial layer flock. Veterinary Record,
123, 351.

60000 birds were checked MPN 100 in 100 ml yolk, transovarian infection

10/50 S. pullorum antibody positive

Schaar, U. et al. (1997) Prevalence of Salmonella enteritidis and Salmonella typhimurium in laying hen flocks
battery and on floor housing. Comparative studies using bacteriological and serological demonstration
methods. Tierarztl Prax Ausg G Grosstiere Nutztiere, 25, 451-459.

laying chicken, 34 flocks culture    47%          35.3%

battery and on floor ELISA     64.7%        47.0

Giessen, A.W. Van de et al. (1994)  Intervention strategies for Salmonella enteritidis in poultry flocks: a basic
approach.  International Journal of Food Microbiology, 21, 145-154.

164 laying flocks Flocks were infected with SE from poultry house,
infected vermin, and feed

egg yolk samples were tested antibodies by ELISA 26/164 antibody was increased

20% of laying flocks were infected with SE

Hogue, A. T. et al. (1997) Surveys of Salmonella enteritidis in unpasteurized liquid egg and spent hens at
slaughter. Journal of Food Protection, 60, 1194-1200.

A 1995 national survey for 4 APHIS Regions in the US. 179 (19%) of 937 samples collected were SE-
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For unpasteurized liquid egg survey, 20 egg products
plants were investigated. 120 to 180 ml of liquid whole
egg were collected.

For spent hens survey, 8 slaughter plants were enrolled.
Caeca from each of 300 hens were collected from each
flock, and 5 caeca were pooled for the test (60 pooled
samples per flock).

positive. The Northern Region had higher incidence
(40%) compared to other Regions (10-12%).

17,961 pooled samples were collected from 305
flocks. 136 (45%) of 305 flocks were SE-positive.
Flock prevalence was higher in the Northern and
Central Regions (64% and 40%) vs 17% and 23% in
other Regions.

Poppe, C, et al. (1991) The prevalence of Salmonella enteritidis and other Salmonella spp. among Canadian
registered commercial layer flocks. Epidemiology and Infection, 100, 259-270.

Environmental survey of Salmonella spp.. SE was isolated from the environmental samples of
2/295 (2.7%) flocks.

Faeces, eggbelt and feeds were sampled.

Ota, K., and Kubota, T. (1993) A survey of Salmonella in spent hen of layer flocks.  J. Soc. Poult. Dis., 29, 81-
83. (in Japanese)

Spent hen survey in Kyushu district, Japan.

16-70 hens out of 2,000 per farm were examined.

Enrichment in SBG, plated on DHL and MLCB agar.
Further identified biochemically and serologically.

Nakamine, M. et al. (1994) Isolation of Salmonellae from broiler and layer chickens and epidemiological
investigations of the infection in a farm. J. Soc. Poult. Dis., 30, 18-23. (in Japanese)

Salmonellae and SE antibody survey in broilers and laying
hens in Okinawa Prefecture, Japan.

SE antibody was examined for chicken sera by ELISA
with SE-LPS antigen (Sigma).

Enrichment in Salmocyst (Merck), isolation on Ramback
Agar (Merck).
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Shirai, K. et al. (1996) A survey of Salmonella in the spent layer chickens at a poultry processing plant. J. Soc.
Poult. Dis., 32, 9-13. (in Japanese)

Spent hen survey in Niigata Prefecture, Japan. In 1995, SE was detected in 2 flocks in one farm. In
one flock, 3 and 4 pooled samples out of 11 were SE
positive in follicle content and follicle theca,
respectively. In the other flock, one pooled sample
out of 5 was SE positive in caecum contents.

In 1994, 9 flocks from 7 farms, 10-13 hens per flock, and
in 1995, 9 flocks from 8 farms, 15-33 spent hens (3 birds
were pooled) per flock were examined.

Caecum content/tissue, ovarian follicles/follicle theca were
examined.

Enrichment in EEM and SBG, isolation on MLCB and
DHL. Further identification by aggulutination test,
biochemical and serological tests.
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(Egg Prevalence)
Methods Results
Takase, K. et al. (1999) Growth of Salmonella typhimurium and Salmonella Enteritidis in egg yolks
from highly immunized hens. Journal of Veterinary Medical Science, 61, 959-960.

SPF chickens were immunized with SE or ST. No difference in the growth of bacteria in the
presence of antibodies.

Egg yolks were inoculated with 10 CFU of SE or ST,
incubated for 23 h at 20 or 37�C.

Ernest, A. et al.(1967) Two outbreaks of egg-borne Salmonellosis and implications for their
prevention. JAMA, Feb 6, Vol.199, 372-378.

Sampling targets were manure, egg belts, egg
collectors, fans, flush waters, outside of egg shell, and
liquid contents.

Salmonella spp. were isolated from 72.0% of
environment samples.

Samples received pre-enrichment in TSB, enrichment
in Tetrathionate Broth (TB) and Selenite Cystine
Broth (SCB), incubation in M-Broth, immunoassay,
and serotyping.

No Salmonella was detected in the internal contents
of the 180 eggs analyzed.

Salmonella spp. were detected from 7 of 90 eggshells
samples.

No SE isolates were detected from any sample.

Henzler, D.J. et al. (1998). Management and environmental risk factors for Salmonella enteritidis
contamination of eggs. American Journal of Veterinary Research, 59, 824-829.

60 flocks
If  SE was positive in manure, egg handling,
equipment, or  mice,1000 eggs were collected 4 times
in 8 weeks

2.64 /10,000 eggs
0-62.5 / 10,000 eggs (flock specific prevalence)

Cowling, D. W. et al. (1999) Comparison of methods for estimation of individual-level prevalence
based on pooled samples. Preventive Veterinary Medicine, 39, 211-225.

Review
Comparison of the methods

sensitivity and specificity

pool of 20 eggs
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Leslie, J. (1996) Simulation of the transmission of Salmonella enteritidis phage type 4 in a flock of
laying hens. Veterinary Record, 139, 388-391.

Simulation of the transmission of SE PT4 in a flock of
laying hen

ECR: effective contact rate
i: fraction of shedding birds

Basic model is that all-in all-out battery laying flock
of 10,000 birds

t: weekly period
N: number of birds

ref. 1991 Humphrey, 1992 Baskerville S: population at risk

5 cases at the start-of -lay become 10000 infected
birds at 22 week of age. ECR= 2.14

Trepka, M.J. et al. (1999) An increase in Sporadic and outbreak-associated Salmonella enteritidis
infections in Wisconsin: The Role of Eggs. The Journal of Infectious Diseases, 180, 1214-9.

outbreak-associated SE infection Table 1
raw egg consumption  8/32

case control study

Hang’ombe, B.M. et al. (1999) Occurrence of Salmonella enteritidis in pooled table eggs and market-
ready chicken Carcasses in Zambia. Avian Diseases, 43, 597-599.

pooled samples of table eggs 9/240 (3.8%) were positive for SE.

Cox, N.A. et al. (1973) Salmonella in the laying hen 1. Salmonella recovery from viscera, faeces and
eggs Following oral inoculation. Poultry Science, 52, 661-666.

experiment SE was not used

12-16m White Leghorn hen

Guard-Petter, J. et al. (1997) On-farm monitoring of mouse-invasive Salmonella enterica serovar
Enteritidis and a model for its association with the production of contaminated eggs.  Applied and
Environmental Microbiology, 63, 1588-1593.

SE isolation from eggs 1/3, 1/2, 0/1, 0/5, 1/2, 4/6, 1/3, 0/3, 0/4, 0/4, 3/4, 3/3,
2/3, 3/6
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Humphrey, T.J. et al. (1991) Numbers of Salmonella enteritidis in the contents of naturally
contaminated hens’ eggs. Epidemiology and Infection, 106, 489-496.

Eggs were purchased from 15 flocks that were
naturally infected with SE, or examined as part
of investigation of human cases or outbreaks.

32 (0.6%) of 5790 age-unknown eggs were
contaminated with SE in contents.

Egg prevalence for SE and the number of SE per
egg (by MPN method) were examined.

13 of 3659 eggs stored for up to 21 days at ambient
temp. (21ºC) were SE positive, but none contained
more than 20 SE cells.
12 of 1603 eggs stored for more than 3 weeks were
SE positive, and 5 eggs contained more than 100 SE
with two 21-day-old eggs with more than 10000 SE.

Humphrey,T.J. et al. (1991) The influence of age on the response of SPF hens to infection with Salmonella
enteritidis PT4. Epidemiology and Infection, 106, 33-43.

SE PT4 in intact eggs 11/1119 SE positive eggs
2 small flocks naturally infected with SE PT4 ---10, PT33---1
Flock size were 23 and 15 in each

Humphrey, T.J. (1994) Contamination of egg shell and contents with Salmonella enteritidis: a review.
International Journal of Food Microbiology,21. 31-40.

Prevalence of SE in eggs

Influence of temperature on SE counts in egg
Fraction of 3 log SE increased egg at 20�

Henzler, D.J. et al. (1994) Salmonella enteritidis in eggs from commercial chicken layer flocks
implicated in Human Outbreaks, Avian Diseases, 38, 37-43.

eggs were sampled from 4 chicken layer houses SE PT 8, 13a, 23 were isolated from environment and
organ tissue. PT8 was isolated from egg, and in 3
human outbreaks

50,000 to 80,000 chickens in each house Frequency estimates of SE-contaminated eggs were
0.03% to 0.90%

in-line complex, 3-7 houses
eggs were pooled in the flock A in the first trial 0/300, 3/321 were positive.

2nd trial flock A 0/100, 9/300
flock B 0/100, 25/300, 2/100, 2/98, 1/100, 2/100

3rd trial 0/26, 0/120, 1/120, 1/72

flock A environment ,4/18

flock A environment 15/18

flock B environment 17/18
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Gast, R. K., Beard, C. W. (1992) Detection and enumeration of Salmonella enteritidis in fresh
and stored eggs laid by experimentally infected hens. Journal of Food Protection. 55, 152-156.

Laying hens were orally inoculated with 10^9
cells of SE PT13a and housed in single-bird
laying cages. Eggs laid between the 4th and 14th
day of postinoculation were collected.

3% of the freshly laid eggs, 4% of refrigerated
eggs, and 16% of the eggs held at 25�C were
positive for SE. The frequency of isolation of
SE was significantly higher in 25�C than in
7�C.

Laid eggs were held for 7 days at 7.2 or 25�C
before sampling.

The mean number of SE was 5.50 CFU/ml in
4 freshly laid positive eggs, 4.60 in 5 positive
eggs stored at 7.2�C, and 15.59 in 22 positive
eggs stored at 25�C. There observed 4 eggs
with 35 to 106 CFU/ml from the group held at
25�C.
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(Management)
Methods Results
Humphrey, T. J. et al. (1996) Isolates of Salmonella enterica enteritidis PT4 with enhanced heat and
acid tolerance are more virulent in mice and more invasive in chickens. Epidemiology and
Infection, 117, 79-88.

Hisex Brown Chicks, SPF Rhode Island Red birds PT4 / 2 isolates

and mice were tested

Henzler, D.J. et al. (1998) Management and environmental risk factors for Salmonella enteritidis
contamination of eggs. American  Journal of Veterinary Research, 59, 824-829.

60 flocks

If  SE was positive in manure, egg handling,
equipment, or  mice,1000 eggs were collected 4
times in 8 weeks

2.64 /10,000 eggs
0-62.5 / 10,000 eggs (flock specific
prevalence)

Gast, R. K., and Beard, C. W. (1992) Evaluation of a chick mortality model for predicting the
consequences of Salmonella enteritidis infections in laying hens. Poultry Science, 71, 281-287.

4 different SE strains % of SE in yolk

contamination rate in eggs SE 9 2.1, SE15 1.5, SE 22 0.7 SE 23 5.0

Holt, P. S., and Porter, R. E. Jr. (1992) Effect of induced moulting on the course of infection and
transmission of Salmonella enteritidis in White Leghorn hens of different ages. Poultry Science, 71,
1842-1848.

White Leghorn moulting affects the increase of SE counts

Holt, P. S., and Porter, R. E. Jr. (1993) Effect of induced moulting on the recurrence of a previous
Salmonella enteritidis infection. Poultry Science, 72, 2069-2078.

Effect of moulting on recurrence of SE
Single Comb White Leghorn

Lindell, K. A. et al. (1994) Evaluation of resistance of four strains of commercial laying hens to
experimental infection with Salmonella enteritidis phage type eight. Poultry Science, 73, 757-762.
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Hen strain difference of sensitivity to SE PT8
300 White Leghorn were use in experiment
4 strains 75 birds each

Holt, P. S. et al. (1994) Effect of two different moulting procedures on a Salmonella enteritidis infection.
Poultry Science, 73, 1267-1275.

effect of moulting on SE infection

Qin, Z. R. et al. (1995) Eimeria tenella infection induces recrudescence of previous Salmonella
enteritidis infection in chickens. Poultry Science, 74, 1786-1792.

White Leghorn Hy-line@ cockerel Effect of Eimeria tenella infection on SE infection
was examined. Eimeria infection induced prior
SE infection

Mannitol lysine crystal violet brilliant green agar

Hajna tetrathionate broth

Henzler, D. J., and Opitz, H. M. (1992) The role of mice in the epizootiology of Salmonella enteritidis
infection on chicken layer farms. Avian Diseases, 36, 625-631.

SE isolation from environment

phage type of isolates from mice and cage

Manning, J. G. et al. (1994) Effect of selected antibiotics and anticoccidials on Salmonella enteritidis
caecal colonization and organ invasion in leghorn chicks. Avian Diseases, 38, 2

Leghorn was managed on floor pens
Change of caecal colonization and organ invasion after
treatment of antibiotics

Bumstead, N., and Barrow, P. (1993) Resistance to Salmonella gallinarum, S. pullorum and
S. enteritidis in inbred lines of chickens. Avian Diseases, 37, 189-193.

hen strain difference of susceptibility

Khakhria, R. et al.(1991) Distribution of Salmonella enteritidis phage types in Canada. Epidemiology
and Infection, 106, 25-32.
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human origin phage type distribution.

Guard-Petter, J. et al. (1997) On-Farm Monitoring of Mouse-Invasive Salmonella enterica Serovar
Enteritidis and a Model for Its Association with the Production of Contaminated Eggs. Applied and
Environmental Microbiology, 63, 1588-1593.

SE isolation from mouse and egg Correlation between mouse infection and egg
contamination with SE

Humphrey, T.J. et al. (1989) Salmonella enteritidis phage type 4 from the contents of intact eggs: a
study involving naturally infected hens. Epidemiology and Infection, 103, 415-423.

experiment 20W old, SE was detected in eggs at 45d after
infection

Influence of age at the time of infection

Holt,P .S. (1995) Horizontal transmission of Salmonella enteritidis in moulted and unbolted laying
chickens. Avian Diseases 39, 239-249.

experimental study moulting caused SE contamination

Nakamura, M., Nagamine, N., Suzuki, S., Norimatsu, M., Oishi, K., Kijima, M., Tamura, Y., and Sato,
S . (1993) Long-Term shedding of Salmonella Enteritidis in chickens which received a contact
exposure within 24 hrs of hatching. Journal of Veterinary Medical Science, 55, 649-653.

35 SPF chicks and 18 chicks were inoculated  orally
with 4x102 SE

25/35 (71%) survived at 28w

7 weeks contact exposure 3 caecal droppings were negative, 4.5-8.5 log
CFU SE in 7 were detected in the dead chicks,
and 6.8 in remnant yolk.

SE was checked in the caecal droppings by isolation

Schaar, U. et al. (1997) Prevalence of Salmonella enteritidis and Salmonella typhimurium in laying hen
flocks battery and on floor housing. Comparative studies using bacteriological and serological
demonstration methods. Tierarztl Prax Ausg G Grosstiere Nutztiere, 25, 451-459.

See Flock prevalence
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Giessen, A.W. Van de et al. (1994)  Intervention strategies for Salmonella enteritidis in poultry flocks: a
basic approach.  International Journal of Food Microbiology. 21, 145-154.

See Flock prevalence

Mallinson, E. T. et al. (1997) Litter management is critical to food safety, performance. Feedstuffs, 69,
47-52.

drag swab sampling methods described in
Kingston,1981 (Avian Dis. 25, 513-516) and
Mallinson et al., 1989 (Avian Dis. 33,684-690)

Water activity of litter surface affects infectious
rate.
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Distribution/Storage
(Pathways and product fractions)
Methods Results
Baron, F. et al. (1999) Rapid growth of Salmonella enteritidis in egg white reconstituted from
industrial egg white powder. Journal of Food Protection, 62, 585-591.

Eggs between 3 and 10 days old from a local
supermarket.

SE grew more rapidly in egg white reconstituted
from powder than in raw liquid egg white.

Egg white prepared in the laboratory, or
reconstituted from egg white powder produced
in four factories.

SE grew more rapidly in egg white from powder
pasteurized for longer period (7 or 15 days at
75�C).

The SE growth in reconstituted egg white was
due to egg white protein denaturation, especially
ovotransferrin denaturation during powder
pasteurization.

Pasteurization of egg white is effective for
decreasing endogenous flora, but may be
dangerous in view of postcontamination.

Curtis, P.A. et al. (1994) Cryogenic gas for rapid cooling of commercially processed shell eggs
before packaging. Journal of Food Protection, 58, 389-394.

Laid eggs were equilibrated to 21˚C for 24 hr,
candled, washed, and cooled.

Internal temperatures were declined to 11.1˚C by
6 min cryogenic cooling process, and there was
not significant shell damage within this period.
When the cooling time exceeded 6 min there was
a significant increase in the percentage of
cracked eggs.

Liquid carbon dioxide was used for cooling in a
freezer maintained at -60 +/- 3˚C.

The internal temperatures were significantly
different between cryogenically cooled eggs and
traditionally cooled ones throughout the 119 hr
cooling period.

To compare with noncooled group, cooling
treatment for 3 min was given to the cooled
group between washing and packaging.

The cryogenically cooled eggs had higher quality
after 30 days of storage as indicated by the
significantly higher Haugh unit scores, but had
no effect on the albumen pH.

A half of eggs were inoculated by briefly
dipping in TSB containing 10^5 CFU/ml of
Pseudomonas fluorescens prior to washing.

After a 30-day storage period there was no
treatment difference in external or internal
microbial contamination in both inoculated and
non-inoculated eggs.
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External contamination of eggs was measured
by rinsing with buffered peptone water (BPW)
and plating on tryptic soy agar (TSA).

Internal bacterial counts were determined by the
method of Anderson et al. (Poult. Sci. 73, 1994)

Hammack, T.S. et al. (1993) Research note: Growth of Salmonella enteritidis in Grade A eggs
during prolonged storage. Poultry Science, 72, 373�377.

Large brown and large white Grade A eggs
were obtained from retail outlets in the
Washington, DC area.

No SE cells were found on the eggshell surface
treated with 0.1% mercuric chloride.

Egg shells were contaminated with SE by
dipping them into inocula dilutions containing
1.7 x 10^4, 1.7 x 10^7, or 1.7 x 10^9 CFU/ml.
The eggs were dried at room temperature for 20
min.

The disinfection procedures: 1) submersion in
0.1% mercuric chloride solution for 1 h, then
submersion in 70% ethanol for 30 min, 2)
submersion in 0.1% mercuric chloride solution
for 1 h, and 3) submersion in 70% ethanol for
30 min.

The eggshell rinsings were obtained in
Stomacher bags, received pre-enrichment in
TSB, subcultured in selenite cystine (SC) and
tetrathionate (TT) broths, streaked to Hektoen
enteric, bismuth sulphite, and xylose lysine
desoxycholate agar plates. Confirmed on triple
sugar iron and lysine iron agar slants, and
further with somatic antisera Group D1.

Stadelman, W. J. and Rhorer, A. R. (1987) Egg quality: Which is best- In-line or off-line
production? Egg Industry, 8-10.

Eggs were cooled from 95 to 60�F on pulp
trays, solid top foam cartons, or on foam cartons
with open tops.

The cooling rate and Haugh units were not
significantly influenced by the packaging
materials.

Haugh units were compared between the eggs
from in-line and simulated off-line.

There was no significant difference in Haugh unit
quality of eggs over 3 weeks.

Age of the flock and storage temperatures was
suggested to exert a much greater effect on the
egg quality.
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(Time and temperature distributions)
Methods Results
Schoeni, J.L. et al. (1995) Growth and penetration of Salmonella enteritidis, Salmonella heidelberg
and Salmonella typhimurium in eggs. International Journal of Food Microbiology, 24, 385-396.

S. enteritidis, S. heidelberlg, S. typhimurium were
inoculated into egg yolk or albumen at the
concentration of 10^2 or 10^4 CFU/g of yolk or
albumen.

All strains grew rapidly at 25ºC at both cell
number and both in yolk and albumen.

Eggs were incubated at 4, 10, or 25ºC for up to 7
days.

Penetration by salmonellae was observed.
The higher incidence at higher bacterial
number, but independent to the day of
storage.

Medium used: TSB, HEK, and confirmed by API
20E microdiagnostic kit and serological slide
agglutination.

Chicken faeces were inoculated with salmonellae
and were attached to eggs for egg penetration
studies. 30 min pre and post inoculation.

Curtis, P.A. et al. (1994) Cryogenic gas for rapid cooling of commercially processed shell eggs
before packaging. Journal of Food Protection, 58, 389-394.

See Pathways and product fractions

Saeed, A.M. and Koons, C.W. (1993) Growth and heat resistance of Salmonella enteritidis in
refrigerated and abused eggs. Journal of Food Protection, 56, 927-931.

See Preparation

Baker, R.C. (1990) Survival of Salmonella enteritidis on and in shelled eggs, liquid eggs, and
cooked egg products. Dairy, Food and Environmental Sanitation, 10, 273-275.

15 or 1500 cells of SE were inoculated into
separated egg yolk or albumen, which were
incubated at 37�C for 19days.

All strains of SE survived and grew in the
yolk, but did not survive well in egg
albumen.

50 cells of SE were inoculated into albumen
through the egg shell, and the eggs were stored at
8�C for 14 days.

Some strains of SE migrated from albumen
to the yolk but the percentage was quite
low.

Eggs were dipped into 41�C water with 10^6
cells of SE, stored at 7�C or at room temperature
for 15 days.

SE survived on egg shells longer at lower
temperature.
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Hammack, T.S. et al. (1993) Research Note: Growth of Salmonella enteritidis in Grade A eggs
during prolonged storage. Poultry Science, 72, 373-377.

Large white Grade A eggs were obtained from
retail outlets in the Washington, DC area.

The yolks of inoculated eggs incubated 2 to
16 days at 26�C contained high levels of
SE, and those incubated at refrigerated
temperatures showed little, if any, growth
of SE.

Each egg was inoculated with 1.4 x 10^4 cells SE
in 0.04 ml.

Each egg was boiled individually for 1 min to
provide reasonable assurance to detect SE grown
in yolk.

Three pools, each consisting of 12 yolks, were
formed, and MPN procedure was used to
determine the number of SE per ml of egg yolk in
each pool.
The incubation and confirmation was performed
as described in Pathways and product fractions.

The eggs were incubated at 26�C or at 2 to 8�C
for 2, 5, and 16 days.

Humphrey, T.J., and Whitehead, A. (1993) Egg age and the growth of Salmonella enteritidis
PT4 in egg contents. Epidemiology and Infection, 111, 209-219.

Eggs were obtained from a flock free from SE
within 1-2 h of lay.

Growth rates of SE in eggs were more
rapid in 21-day-old eggs or older than in
fresher eggs.

After certain period of storage, egg contents were
broken out into plastic screw-capped containers.
Albumen was inoculated with 500 cells of SE PT4
in 0.1 ml Ringer's solution, and kept at 20�C for 5
days.

Storage temperature fluctuations facilitated
the growth of SE.

A piece of plastic pipe was placed around each
yolk to separate the yolk from albumen.

SE could not grow markedly in albumen
separated from the yolk.

The age of the yolk was found to be the
principal factor controlling the growth of
SE.
Invasion of the intact yolks by SE is
influenced by the age of the eggs before
inoculation.

Braun, P. and Felhaber, K. (1995) Migration of Salmonella enteritidis from the albumen into
the egg yolk. International Journal of  Food Microbiology, 25, 95-99.

1-day-old and >4-weeks-old eggs were used. SE was able to migrate from the albumen
into the egg yolk during storage.
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SE PT4 suspension was injected into the albumen
in 0.2 ml buffered peptone water to be 10-200
cell/ml of albumen.

A positive correlation between increasing
contamination dose, temperature, age of the
eggs and the frequency of migration.

The eggs were stored at 7, 12, 20 and 30�C for
up to 4 weeks.

When SE was inoculated with a dose of
200 cells/ml albumen, the first positive egg
yolks were already found after 14 days
even stored at 7�C.

The surface of the intact yolk was sterilized by
flaming, and the yolk was streaked directly or after
enrichment in nutrient broth on brilliant green
phenol red lactose saccharose agar.

At 20 and 30�C the first cells were present
in the yolk after 1 or 2 days.

Chen, J. et al. (1996) Use of luminescent strains of Salmonella enteritidis to monitor contamination
and survival in eggs. Journal of Food Protection, 59, 915-921.

Penetration of SE studied by using bioluminescent
SE GCDE and by Scanning electron microscopy.

The rate of penetration increased with increasing
inoculum size.

Eggs were immersed in bacterial solution at the
concentration of 10^9 CFU/ml, and incubated at
40�C for 16 h or at 21�C for 3 days.

SE did not grow but survived in both shell and
liquid whole eggs during refrigeration.

Eggs were infected with SE GCDE through the
eggshell, some of the eggs were broken after 18 h at
37�C and thereafter kept at 4�C, others were kept
at 4�C as whole eggs.

Gast, R. K. and Beard, C. W. (1992) Detection and enumeration of Salmonella enteritidis in fresh
and stored eggs laid by experimentally infected hens. Journal of Food Protection, 55, 152-156.

See Egg Prevalence
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(Microbial growth dynamics)
Methods Results
Zwietering, M. H. and et al. (1994)  Modeling of bacterial growth with shifts in temperature.  Applied
Environmental Microbiology, 60, 204-213.

The suitability and usefulness of several models to
describe the growth of Lactobacillus plantarum with
shifts in temperature was evaluated.

A temperature shift resulted in an additional lag phase.

Bradshaw, J. G. et al. (1990) Growth of Salmonella enteritidis in yolk of shell eggs from normal and seropositive
hens. Journal of Food Protection, 53, 1033-1036.

10 SE in 0.1 ml were injected into the yolk of eggs from
normal and seropositive hens, and the eggs were stored at
7, 15.5, and 37�C.

A generation time was 25 min at 37�C, and 3.5 h at
15.5�C in normal yolk.

Separated egg white was inoculated with 4x10^3 CFU/g
and incubated at 37�C.

A generation time was 35 min at 37�C in egg yolk from
seropositive hens.

The number of bacteria was counted on XLD agar. No growth of SE was observed in liquid egg white.
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Processing (Liquid Eggs)
Methods Results

SE cells were inoculated to diaultrafiltered
egg

white at pH 7.0, 8.0, and 9.0.
Inocula: 10(3), 10(5), and 10(7) cells/ml. PEF treatment caused a 3.5 log SE reduction.
Pulsed electric field (PEF) treatment:
  0-6000Hz, up to 35kV/cm for 300
ohm*cm
Counts: Tryptic soy agar, 37C, 24-28 hr

5 strains of Salmonella including 3 SE
strains were pooled and inoculated to liquid
egg preparations.

Egg yolk (pH 6.3)

5 shell eggs were used for one trial, and
eggs were broken in the laboratory.

 Temp. 60 61.1 62.2

The pH was adjusted to i) 6.3 +/- 0.1 for
liquid egg yolk, ii) 8.2 +/- 0.1 for liquid egg
white, and iii) 9.1 +/- 0.1 for liquid egg
white.

 D-value 0.28 0.16 0.087 (min)

Glass capilary tubes (0.8 to 1.1 mm i.d. by
90 mm long) were used to contain
inoculated liquid egg in heating procedures.

Egg white 

Temperature tested was 60, 61.1, and 62.2ß
C for egg yolk, and 55.1, 56.7, and 58.3ßC
for egg white.

 Temp. 55.1 56.7 58.3

The colonies were enumerated on BHI agar
plates.

 (pH 8.2) 7.99 2.96 1

 (pH 9.1) 3.17 1.58 0.52

Jeantet, R. et al. (1999) High intensity pulsed electric fields applied to egg white:
Effects on Salmonella enteritidis inactivation and protein denaturarion. Journal of
Food Protection, 62, 1381-1386.

For SE inactivation, the electric field intensity was
the dominant factor.
The intensity had a positive interaction with pulse
number.

Schuman,J.D. and Sheldon,B.W.(1997) Thermal resistance of Salmonella spp. And
Listeria monocytogenes in Liquid egg yolk and egg white. Journal of Food
Protection, 60, 634-638.
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6 strains of Salmonella including 4 SE
strains were mixed for the experiments.

Temp. 51.5 53.2 55.5 56.6 57.7

Commercially broken raw egg white was
obtained from local egg processors.

 H2O2 yes yes no no no

Large number of bacteria (8.5 to 9.0 CFU/g)
was inoculated to allow use of nonselective
media for enumeration without interference
by the natural background flora

D-value (min) 3.87 1.6 2.74 1.44 0.78

Samples were heated in glass vials (15 mm
e.d. by 60 mm high),which were submerged
in a water bath, at 51.5 and 53.2ßC  with
H2O2 at 55 5 56 6 and 57 7ßC withoutThe survived bacteria were enumerated by
plating on TSA.

At 56.6ßC ,

 pH 7.8 8.2 8.8 9.3
 D-value 3.6 2.14 1.59 1.08

6 strains of Salmonella including 4 SE
strains were examined individually for their
thermal resistance. The influence of aw-
lowering ingredients such as salt and sugar
was investigated using a mixture of 6

for SE

Commercially broken raw egg yolk was
obtained from local egg processors.

 Temp. 60 61.1 62.2

Large number of bacteria (8.5 to 9.0 CFU/g)
was inoculated to allow use of nonselective
media for enumeration without interference
by the natural background flora

 D-value 0.55-0.75 0.27-0.35 0.21-0.30

Samples were heated in glass vials (15 mm
e.d. by 60 mm high),which were submerged
in a water bath, or received actual plate
pasteurization procedures

 Palumbo,M.S. et al. (1996) Thermal resistance of Listeria monocytogens and
Salmonella spp.in Liquid Egg White. Journal of Food Protection, 59, 1182-1186.

 z-value: 4.61-6.55ßC

 Z-value for no-H2O2 Salmonella spp. was 4.03ßC .

 Palumbo,M.S. et al. (1995) Thermal resistance of Salmonella spp. And Listeria
monocytogenes in Liquid egg yolk and Egg yolk products. Journal of Food
Protection 58, 960-966.

With aw-lowering ingredients, D-value increased at
Log reduction of SE in 3.5 min of current
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See Preparation

Samples were taken from the mixing tank at
commercial plants immediately after break
out.
Numbers of salmonellae were estimated by
MPN method consisting of pre-enrichment
in lactose broth (LB), enrichment in
Selenite-Cystine broth, and plating on
Brilliant Green (BG) agar.

 MPN <1 1.4-2.9 5.3 24 110

Suspected colonies were confirmed by
Triple Sugar Iron (TSI) method, then were
serologically checked.

No. of
samples

86 10 1 2 1

Percent of Salmonella positive sample was
6.7 in winter-spring season, and 54 in
summer-fall.

Samples with low standard plate count tends to give fewer
salmonella positives.

No correlation was proved between the grade of eggs and
number of salmonella positives.

Level of salmonellae (not only SE)

Garibaldi, J. A. et al. (1969) Number of salmonellae in commercially broken eggs
before pasteurizatoin. Salmonellae in Eggs. Poultry Science, 48, 1096-1101.

Baker,R.C. (1990) Survival of Salmonella enteritidis on and in shelled eggs, liquid
eggs, and cooked egg products. Dairy, Food and Environmental Sanitation, 10, 273-
275.
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Sanitary Standards for liquid egg products
cooling and holding tanks

CONTENTS

Scope, definitions, materials, fabrication,
cooling, and appendix.

<= 55F

<= 45F

 <= 45F

 <= 70F
 <= 55F

<= 55F

<= 65F
<= 45F

<= 45F
<= 40F

<= 45F or
40F
depending
on holding
time

<= 45F or
40F
depending
on holding
time

See Distribution, Storage (Time and temperature distribution)

International Association of Milk, Food and Environmental Sanitarians (1976) E-3-
A Sanitary standards for liquid egg products cooling and holding tanks. No. E-1300.
J. Milk Food Technol. 39, 568-575.

Chen,J. et al. (1996) Use of luminescent strains of Salmonella enteritidis to monitor
contamination and survival in eggs. Journal of Food Protection, 59, 915-921.

 within 2 hr after pasteurization :

 within 3 hr after stabilization :

 if to be held <= 30  hr :
Liquid egg product with 10% or more salt added

 to be held <= 8 hr :
 to be held > 8 hr :

All other product

 to be held > 8 hr :

within 2 hr after
pasteurization :

Whites to be stabilized

 to be held <= 8 hr :
 to be held > 8 hr :

within 2 hr after
pasteurization :

STANDARDS

Whites not to be stabilized

 to be held <= 8 hr :

 ir to be held > 30  hr :
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Preparation
(Cooking models)
(Time and temperature distributions)
Methods Results

Fresh nest-run eggs were obtained from a SE-free
flock.

At 23ßC, SE grew to 10^9 CFU/ml eggs within 72
hr. Little growth of SE was observed in refrigerated
eggs.

250 eggs were inoculated into the yolk with 20 CFU of
SE PT8 in 50µl sterile saline.

Time distribution (s): Frying (50-175), Scrambling
(50-170), Omelet (60-205), Boiling (180-2700)

Half of eggs were stored at 23ßC (storage abuse) and
the others were stored at 4ßC in a refrigerator.

Temperature distribution ( ß C): Frying (45-85),
Scrambling (67-85), Omelet (72-92), Boiling (62-
92)

Every other day, two eggs were tested for viable SE
plate count on XLT4 agar, and eight eggs were cooked
in four ways (two per method): frying, scrambling,
omelet, and boiling in fume food.

SE was detected after cooking at higher rates in eggs
stored at room temperature, especially those stored
for longer than 5 days.

The time required to destroy SE by cooking methods
was determined. The methods included scrambling,
poaching, boiling, and frying.

The final temperatures of each method of cooking (
C): Scrambling (74), Poaching (75), Boiling (75),
Frying-covered (70), -sunnyside (64), -turned over
(61).

1x10^8 SE were injected into the yolks, the inoculated
eggs were stored at 12 C for 24 hr, and cooked.
Samples were taken every 15 seconds.

Time needed for complete kill (min): Scrambling
(1), Poaching (5), Boiling (7), Frying-covered (4), -
sunnyside (7), -turned over (3+2).

Microbial growth dynamics

Time and temperature distribution

Water-bath and hot air ovens were used for
pasteurization of intact shell eggs using the two heating
methods and these combination.

In a 57 C circulating wter-bath for 25 min gave
reductions in S. enteritidis ATCC 13076 of about 3
log cycles.

Lysozyme activity was measured by change of OD450
of Micrococcus lysodeikticus

In a 55 C hot air oven for 180 min gave a 5 log
reduction.

The viscosity of the egg white was measured with
viscometer.

A combination of two methods (water-bath heating
at 57 C for 25 min followed by hot-air heating at 55
C for 60 min) produced 7 log reductions.

The turbidity of the egg white was measured with
spectrophotometer at 600 nm.

Lysozyme activity and physical properties (turbidity
and viscousity and so on) of egg white indicated
overall functional at 57 C for 25 min in water-bath.

Saeed, A.M. and Koons, C.W. (1993) Growth and heat resistance of Salmonella enteritidis in
refrigerated and abused eggs. Journal of Food Protection, 56, 927-931.

Baker, R. C. (1990) Survival of Salmonella enteritidis on and in shelled eggs, iquid eggs, and cooked egg
products. Dairy, Food and Environmental Sanitation, 10, 273-275.

Hou, H. et al. (1996) Pasteurization of intact shell eggs. Food Microbiology, 13, 93-101.
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Cooking models
Mixing and use of eggs

Making a list of foods served at the buffet with details
of the preparation

6 of 7persons reported illness with diarrhoea,
abdominal pain, fever and headache.

A structured questionnaire of personal details, clinical
details of illness and food consumption histories

All had become ill the day following consumption
of the buffetmeal. (a median incubation period is
17.5h)

The microbiological analysis of faecal specimens and
samples of leftover foor or food ingredient

Faecal samples of 4 persons show positive for
Salmonella enteridis PT4.

Salmonella enteridis PT4 with 6x10^3 /gm cells
was isolated from leftover samples of a savoury rice
dish (contained  boiled rice, raw carrot, eggs, cheese
and curry powder)

 

The curry powder and remainder of the packe of six
eggs were negative on microbiological analysis.

The savoury rice dish had been prepared by heating
in a 500W microwave oven with rotating turntable
on full power for 5min.

Cooking models
Mixing and use of eggs
Microbial growth dynamics

Formica square (2 cm^2) were contaminated with the
PT4 (Contamination levels were 10^5-10^4 cells per
square) isolates suspended in homogenized whole eggs.

When the foods were placed on these surfaces where
egg droplets were still wet, cross-contamination
occurred within 1s onto piece of food.

Sterile melon or beef pieces were placed onto the
contaminated egg droplets and removed after 1, 5, 10,
30 s or 1, 3, 5, 10, 30 min.

At least 1 min for all the food pieces to be
contaminated when egg droplets had been allowed
dry.

The food pieces were examined for the presence of
salmonella by enriched culture folowed by plateing on
XLD at 37 C for 18-24h. Both strain of isolate E and isolate I were capable of

rapid growth on melon  and beef.
Salmonella-like colonies were identified using
standard serological techniques.

The growth rates on beef was slowed by pre-
exposure to either 4 or -18 C.

Bradford, M. A. et al. (1997) The cross-contamination and survival of Salmonella enteritidis PT4 on
sterile and non-sterile foodstuffs. Applied microbiology, 24, 261-264.

Evans, M. R. et al. (1995) Salmonella outbreak from microwave cooked food. Epidemiology and
Infection, 115, 227-230.
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Pathways descriptions
Cooking models

Methods
Epidemiological investigation:

A questionnare and Data analysis using Epi Info.
Microbiological Investigation:

Sampling faecal specimens from all residents and ill
staff, and Serotyping, and phage typing and plasmid
analysis

Sampling from ingredient used for the implicated
foodstuff (including eggs and bread crumbs)
Eggs were cultured for salmonellae selected media,
and other food were enrichment in single strength
selenite broth.

Environmental investigation
Kitchen facilities inspection, interview of staffs

Results
At a hospital for mentally handicapped people in July
1990, 101 residents and 8 staffs were affected by
outbreak of Salmonella enteridis PT4 food poisoning.

A cohort study implicated beef rissoles cooked by
deep-fat frying as the vehicle of infection.
Replication of the cooking process demonstrated that
the rissoles achived core tempreture of 48-60 C despite
external temprature was 91-95 C and oil temprature
was 142-154 C.
Salmonella enteridis PT4 was isolated in shell eggs
from the hospital kitchen.

Evans, M. R. et al. (1996) A hospital outbreak of salmonella food poisoning due to inadequate deep-fat
frying. Epidemiology and  Infection, 116, 155-160.
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SE (PT4) was inoculated at 10(6)/g into home-made mayonnaise
prepared with citric acid .

Ratios of egg yolk to citric acid were 0.57-2.0.

Samples were stored at 5 and 22C and taken at intervals.
XLD agar plate for counts, 37C, 24hr

A national telephone survey in 1992-1993 was The percentages of survey respondents who reported consuming:
done. A total of 1,620surveys were completed, raw eggs 53
representing a response rate of 65%. undercooked humbergers 23

raw clams or osters 17
raw sushi or ceviche 8

The heat resistance in liquid whole egg of ten Sal. 140F, pH5.5
strains was studied. Strain D (min) z  (F)
Cells incubated in tryptose broth were washed. S. pullorum 0.4 7.5
TDT tube (10x75 mm), 1.1 ml/tube, 10(5) cell/ml S. worthington 1.1 7.7
Submerged in a glycerol bath. S. oranienburg 1.3 8.1
TheTDT tubes were incubated at 37C for 5 days S. montevideo 1.4 8.2
and survivors in them were detected by incubation S. meleagridis 1.6 7.8
in tryptose broth at 37C for 48 hr. S. typhimurium 2.2 7.8
D values were estimated from L.D.50. S. senftenberg 9.5 10.2

 Anellis, A., Lubas, J., and Rayman, M. M. (1954) Heat resistance in liquid eggs of some strains of the genus Salmonella. Food
Research, 19, 377-395.

TO ACHIEVE SE FREE MAYONAISE PREPARED WITH
CITRIC ACID, pH SHOULD BE <3.3.

 Klontz, K. C., Timbo, B., Fein, S., and Levy, A. (1995) Prevalance of selected food consumption and preparation behaviors
associated with increased risks of food-borne disease. Journal of Food Protection. 58, 927-930.

Xiong, R.,  Xie, G., and Edmondson, A. S. (1999) The fate of Salmonella enteritidis PT4 in home-made mayonnaise prepared
with citric acid. Letters in Applied Microbiology 28, 36-40.

A fourth of the respondents said that after cutting raw meat or
chicken, they use the cutting board again without cleaning it.

The organism did not grow in all samples with pH <4.05.

The smaller the ratio, the shorter the survival time period of
SE.

The inactivation at 22C was more rapid than at 5C.

Safer food consumption and preparation behaviors were
consistently reported by females at least 40years old with a

high school education or less.
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The heat resistance chracterisitcs of Sal. typhimurium D (min) at 60C Z value (C)

Tm-1 were determined in various egg products. whole egg, pH9.2 0.27 4.3
Egg products inoculated with the cells at the final whole egg plus 10%sucrose 0.6 4.6
conc.of 10(7)/ml were heated in sealed ampoules fortified whole egg 1 5.3

completely submerged.
egg white, pH 7.3 stabilized with
alminum 0.2 4.2

Count: tryptocase soy plus 2% yeast extract-agar egg yolk 0.4 4.4
plates, 35C, 24 or 48 hr egg yolk plus 10%sucrose 4 4.8

egg yolk plus 10%NaCl 5.1 4.6
scrambled egg mix 1 5.3

D (min) at 55C average Z
egg white, pH 9.2 0.55 4.6
egg white, pH 9.2 plus 10%sucrose 1.2

Test cultures of SE were prepared by incubation in D values for SE C398 (sec)
trypticase soy broth supplemented with 0.6% yeast temp (C) liquid whole egg TSBYE
extract (TSBYE). The test cultures were inoculated 54.4 1131.8 599
into liquid whole egg, yolk, or TSBYE at 2x10(6) 57.2 154.6 120.2
CFU/ml. Aliquots (2ml) in sealed glass tubes were 60 21.8 23.4
submerged in a water bath at constant temps. 62.8 3.8 3.2
Counts: trypticase soy agar, 25C, 7days Z value (C) 3.3 3.7

SE ATCC13076 was incubated in tryptic soy broth The heating provied greater 
containing yeast extract at 35C for 12-14 hr. than a 7.5-8.5 log decrease
Liquid egg wite inoculated with SE cells were heated in SE at pHs 8.32, 8.66, 
in a flow-injection bench-top pasteurizer system and 9.0.
at 56.7C for 4.1 min.
Counts: tryptic soy agar

Each six SE isolate was incubated in tryptic soy 58C 57C
broth at 37C for 24h. complete inactivation period (min) 50-57.5 65-75
Pooled SEcells were inoculated into intact shell eggs come-up time (min) 24-35 24-35
(3x10(8) CFU per egg). The eggs were immersed in apparent D value (min) 4.5 6
a water bath at 58 and 57C.
Count: triptic soy agar overlaid with xylose lysine
deoxycholate at 37C for 48h

 Garibaldi, J. A., Straka, R. P., and  Ijichi, K. (1969) Heat resistance of Salmonella in various egg
products. Applied Microbiology, 17, 491-496.

Shah, D. B., Bradshaw, J. G., and Peeler, J. T. (1991) Thermal resistance of egg-associated epidemic
strains of Salmonella enteritidis. Journal of Food Science 56, 391-393.

 Muriana, P. M. (1997) Effect of pH and hydrogen peroxide on heat inactivation of Salmonella and Listeria
in egg white. Food Microbiology, 14, 11-19.

Schuman, J. D., Sheldon, B. W., et al. (1997) Immersion heat treatments for inactivation of Salmonella
enteritidis with intact eggs. Journal of Applied Microbiology 83,438-444.
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Eggs were inoculated near thegeometric center At 58C

of the yolk with ca 8.5 log CFU of pooled SE cells.

The eggs were immersion heated in a water bath apparent D value 4.5 min
at 58 and 57C.

At 57C

apparent D value 6.0 min

SE ATCC 13076 cells suspended in egg yolk The water bath treatment caused a 3 log SE reduction.
were inoculated into shell eggs. The hot air treatment caused a 5 log SE reduction.
Inoculated eggs were heated in a water bath at The combined treatment caused a 7 log SE reduction.
57C for 25 min or a hot air oven at 55C for 3 hr,
or with a combination of a water-bath heating at
57C for 25 min and a hot air heating at 55C
 for 1 hr.
57C for the water bath and 55C for the hot air
oven were maximum temperatures that could be
used without denaturating the egg components.
counts:TS agar, 37C 2-3 day

Cells were completely inactivated within 65-75
min (a 8.4-8.5 log reduction).

 Hou, H., Singh, R. K., Muriana, P. M., and Stadelman, W. J. (1996) Pasteurization of intact shell
eggs. Food Microbiology, 13, 93-101.

 Schuman, J.D., Sheldon, B.W., Vandepopuliere, J.M. and Ball, H.R., Jr. 1997. Immersion heat
treatments for inactivation of Salmonella enteritidis with intact eggs. Journal of Applied
Microbiology,83:438-444.

SE cells were reduced by 3.9-5.0 log during the
initial 35 min.

Cells were completely inactivated within 50-
57.5 min (a 8.4-8.5 log reduction).

SE cells were reduced by 2.0-2.5
log during the initial 35 min.
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Cooking models

Results (Review)
Heat Resistration of salmonella in
liquid eggs

Heat Resistration of salmonella
entiritidis

The central part of soft-boiled eggs, scrambled egg and soft fried eggs was hardly heated at more than 60 C.
The survival of S.enteritidis was studied in cooked food as follows;

S. enteritidis was completely killed in sponge cake.
In cooking of donuts, the duration of flying was more inportant than temperature of oil.
In cooking of thick food with much air like souffle, longer baking period was required.

Chuhei Imai and Etsuko Nakamaru, Yushi 43 (3), 63-71(1990) in Japanese
Chuhei Imai and Etsuko Nakamaru, Yushi 43 (9), 62-70(1990) in Japanese

D-value for Salmonella enteritidis was 0.4 min at 60 C in whole eggs, 1.1 min at 60 C in egg yolk and 1.5 min at
55 C in egg white.

A few S.enteritidis cells were survived in hard-boiled eggs and scrambled egg with inocurum of 10^8 per egg
yolk.

Cotterill et al. found that the reduction rate of S.senftenberg 775W in egg white at 55.3 C at pH9.3 was less than
that of S.enteritidis.

Galbaldi reported that in order to sterilize Salmonella in egg yolk for mayonnaise and dressing, less temprature
and shorter time for heating was required with little amount of acetic acid.

 Imai, C. and Kurihara, T. (1992) Heat resistance of Salmonella. New Food Industry, Vol. 34, No. 1, 91-95, No. 2, 51-56.

New Food Indutry Vol.34, No.1 (1992), 91-95, No.2,
(1992), 51-55

Time and tempreture distributions

Surveys on tempreture of strage snd handling of eggs

The positive rate of salmonellae of non-steriled eggs in worst insanitary factory among 4 liquid egg processing
factories in Japan was 84.1%, while the positive rate in steriled eggs was 0% in this factory.

Surveys on cooking practices - temperatures and times
applied

Osborn et al reported that D-value at 58.9 C was 0.28-0.62 min for 4 strains isolated from whole eggs, and 0.8-
1.2 min for strains isolsted from egg yolks.

Garibaldi et.al. reported that D-values at 60ßC was 0.27 min  in whole eggs, 0.60 min in whole liquid egg with
10% sugar, 5.1 min in liquid egg yolk with 10% salt, and 1.0 min in scrambled egg mix.



113

The conditions of
pasteurization in some contries

Contries egg yolk egg yolk whole egg whole egg egg white egg white
Romania 67 C 3 min 67 C 3 min -
Poland 60.5 C 3 min 64 C 3 min 56 C 3 min
Netherland 60-66 C 3 min 64 C 4 min 54 C 60 min
Germany 58 C 3.5 min 65.5 C 5 min 56 C 8 min
France 62.5 C 4 min 58 C 4 min 55.5 C 3.5 min
Sweden 62-63 C 4 min 58 C 4 min 55-56 C 3.5 min
Denmark 68 C 4.5 min 68 C 4.5 min 61 C 3 min
England 62.8 C 2.5 min 64.4 C 2.5 min 57.2 C 2.5 min
Austraria 60.6 C 3.5 min 64.4 C 2.5 min 55.6 C 10 min
South Africa 60 C 2.5 min 60 C 2.5 min 56.6 C 3 min
Belgium 64 C 3 min 60 C 3 min -
USA 60 C 3.5 min 60 C 3.5 min 60 C 3.5 min

The fate of S. enteritidis in
Japanese cooking of eggs

Cooking Condition Fate
Bottled SeaUrchin  witn salt and ethanol rapidly die
Thick fried egg die on baking
Thin fried egg (egg sheet) die on baking
Noodles die on boiling
Steamed fish paste mixed with egg die on heating
Soft-boiled egg 70 C, 23min in water die
Egg pudding steaming, 5min die
Japanese egg pudding 75 C, 35min in water die
Egg sake boiling die
Porched egg in noodle soup non mixing survive

mixing in hot die
Fried pork covered with egg, served on heating without cover survive

heating with cover die
Raw eggs 10% soy sauce, non heating increase
Natto (fermented soy beans) increase
Grated yam with soup rapidly increase

Chuhei Imai and Etsuko Nakamaru, Yushi 43 (3), 63-71(1990) in Japanese
Chuhei Imai and Etsuko Nakamaru, Yushi 43 (9), 62-70(1990) in Japanese
Akira Suzuki et.al., Shokueishi 23,45-52, (1982) in Japanese

A half of raw egg per serving
A half of raw egg per serving
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Six SE strains and one S.
Senftenberg strain D values (min)
were inoculated into liquid egg
white and SE phage type PT4 PT4 PT8 PT13a PT34 PT34 Senftenberg
liquid egg york. egg white at 52C 5.18 3.82 4.49 4.57 3.91 3.76 13.43
glass capillary method, tryptic soy
agar for count egg york at 56C 5.85 6.38 7.39 5.85 6.16 5.14 19.96

A PT4 and PT34 strains were
inoculated into time (min) needed to inactivation
the yolk of medium and extra large
shell eggs Medium eggs held at Extra large eggs held at
at 10 and 21C at the dose of 10(7)-
10(8) CFU. 10C 21C 10C 21C
 Then (1) the eggs were heated
from 23C to method 1 <3 <3 3 to 6 <3
100C in water then held up to 15
min method 2 3 to 6 3 6 to 9 6
(American Egg Board method) or
(2) they were
placed in water at 100C then held
up to 15 min. Method 1 was more effective than method 2.
Tryptic soy agar for counts at 37 C
for 48h

Chantarapanont, W., Slutsker, L., Tauxe, R. V., and Beuchat, L. R. (2000) Factors influencing inactivation of Salmonella enteritidis in
hard-cooked eggs. Journal of  Food Protection. 63, 36-43.
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A hole cut in a shell egg
using a needle or drill.

Survival from a 4
min boiling

S. enteritidis
PT4 and S.
typhimurium
PT110 and
141

S.
senftenberg

Culture broth of Sal. was
inoculated in the yolk and  inoculum/g (log) 6.81 7.26
the hole was sealed. The
egg was boiled up to
10min.

No. of survivors
(log) 5.87 6.72

The yolk was stomached
with buffered peptone temperatre (C) 54.6 57.1
Count: blood and
McConkey agar plate,
24hr 37C
dilution was incubated
then
added into Selenite,
Tetrathionate, or
Rappaport broth.

An egg was broken in a
dish and Sal. cell was
inoculated

Survival in
"sunny-side up"

S.
tyshimurium
PT141

S.
tyshimurium
PT110

S. enteritidis
PT4

S.
senftenberg

into the yolk. The egg was
cooked in a frying pan  inoculum/g (log) 6.68 6.74 6.9 7.07
at 120C. It was cooked
until the white was solid

No. of Sal.
positive samples  4/9  9/9  9/9  9/9

opaque. It took about 1.5-
2.0 min.

No. of survivors
(log) not done 5.03 5.14 5.97
temperatre (C) 53.8 53.9 55.2 51.1

Humphrey,T.J., Greenwood, M. et al. (1989) The survival of salmonellas in shell
eggs cooked under simulated domestic conditions. Epidemiology and
Infection.103,35-45.
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Eggs were mixed with sterile
milk and Sal. cells.

Survival in Scrambled
eggs cooked in a
saucepan high temp. cooking low/moderate temp. cooking

The mixture was cooked in a
saucepan.

S. enteritidis PT4
and S.
typhimurium
PT110 and 141

S.
senftenberg

S. enteritidis PT4
and S.
typhimurium
PT110 and 141

S.
senftenberg

High and low/moderate
flames were compared.  inoculum/g (log) 6.09 6.6 5.9 6.22

No. of Sal. positive
samples  0/15  2/3  29/30  6/6
temperatre (C) 82.8 82.3 73.9 74.7

See above
The influence of inoculum size on the survival of SE PT4 in boiled eggs

Boiling time (min)
Inoculum size (log/g yolk) 4 5 6 7 8 9 10

8 + + + + + + *
7 + + + + + + -

6 + + + + + + -

+': positive
after
enrichment

5 + + + + + - -

*: positive in
some
experiments

4 + + + + + - - -': negative
3 + + + + * - -
2 + + + + * - -

temp. of egg yolk (C) 56.2 57.6 57.9 59.1 64.5 65.5 68.6
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Sal. cells in egg samples
were inoculated into strains

 D values
(min)

in
homogenize
d whole egg

screw-capped vials then
submerged in a water 55C 60C 64C

S. enteritidis PT4 6.4 0.44 0.22
Strains were cultured in
Nutrient broth for 24 or S. enteritidis PT8 5.9 0.3 not tested

48hr at 37C. Cells were
mixed with egg samples.

S. enteritidis
PT13a 3.9 0.22 not tested

Each 46 mm vials
containing 1 ml of the
samples

S. typhimurium
PT 110 4.7 0.26 not tested

was submerged in a water
bath.

S. typhimurium
PT 141 2.3 0.2 0.15

Counts: blood agar plates
for 24h at 37C

S. senftenberg
775W 34.3 5.6 2.8

 D values (min) D values (min)
55C 60C
Homogenized
egg Egg yolk Albumen

Homogeniz
ed egg Egg yolk Albumen

S. typhimurium
PT 141 2.3 8 1 0.3 0.8 0.3
S. enteritidis PT4 6.4 21 1.5 0.4 1.1 0.2
S. senftenberg
775W 34.3 42 3 5.6 11.8 0.8

 D values 60C
Stationary
phase cells

Log phase
cells

S. typhimurium
PT 141 0.33 0.21
S. enteritidis 0.5 0.25

S. enteritidis PT8 0.62 0.29

S. enteritidis PT4 0.9 0.41

Humphrey,T.J., .Chapman,P.A, et al.(1990) A comparative study of
the heat resistance of Salmonellas in homogenized whole egg,egg
yolk or albumen. Epidemiology and Infection.104,237-241.
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Consumption
(Serving sizes)
(Exposure distribution, validataion)
(Case reports)
Methods Results

Review from surveillance data and articles. Only a small proportion of the salmonellosis are reported
to CDC.
About 18,000 people in the US are hospitalized with
Salmonella infection each year.
Aprox. 40,000 persons each year (15 cases/100,000
people) have a stool sample examined.

>97% of the reported culture-confirmed cases are
serotyped.
Reported Salmonella cases increased by 47% during this
25-years period.
Salmonella Enteritidis isolates increased by 459% during
this 25-year period.

In 1996, there were 9,552 reported cases of SE in the US
(1.5 cases/100,000 people), which suggested 200,000 to 1
million SE infections and 250 death.

Children <5 years old and the elderly are most popular in
the SE infection.

6% of the SE isolates from normally sterile sites, such as
blood, CSF, bone, or joints).

Eggs or egg-containing foods were implicated in 79% of
SE outbreaks.
In Minnesota, the extent of which eggs were undercooked
was directly associated with the likelihood of becoming
infected.
The most alarmin recent development is the raising of SE
PT4 which causes marked increases in human illness.

Angulo,F.J.,et al.(1998) Food safety symposium-Post- harvest, Salmonella enteritidis infections in the
United States.Vet Med Today:Public Veterinary Medicine.  Journal of American Veterinary Medical
Association.Vol.213,1729-1731.
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Response to Call for Data, etc

Veterinary Services, Cyprus (1994) Salmonella enteritidis isolated from
eggs in Cyprus. Response to Call for Data.

Year Samples         Infected samples
Examined Shell Yolk

1988    122     0       0
1989   269     4(1.4%) 0
1993    540     24(4.4%)     2(0.4%)
1994    80      0       0
1998    -       -(0.8%) 0
1999    12 pooled       1(8.3%) 0

                 sample of
                30 eggs each

Schmid, H. and Baumgartner, A. (1998) Foodborne infections and
intoxications in Switzerland, 1988-1996. Proceedings of 57th Annual
Assembly, Swiss Society for Microbiology.
Schmid, H., Burnens, A. P., Baumgartner, A. and Oberreich, J. (1996) Risk
factors for sporadic salmonellosis in Switzerland. Eur. J. Clin. Microbiol.
Infect. Dis., 15, 725-732.
Salmonellosis laboratory reports peaked in 1992 and declined thereafter.
One of the risk factors for SE infection is to travel abroad.
Raw and undercooked eggs such as used in desserts are associated with most outbreaks.

Hartung, M. (2000) Salmonellosis - Sources of infections in Germany.
Response to Call for Data.
SE shares the largest proportion of salmonellosis in Germany; ca. 60% in 1990s.
Among 2586 laying flocks investigated, 6 (0.23%) were positive for SE.

Liu, X (2000) Data related to Salmonella and Listeria in food from China.
Response to Call for Data.
Since 1980 to 1989, 3  SE outbreaks with total 306 patients were reported in China
relating to egg consumption.

Opopol, N. (2000) Information from Republic of Moldova. Response to Call
for Data.
SE was major serotype in salmonellosis since 1991 to 1998. In 1999, ST took
the first place.
Salmonella isolates from eggs: 2(1991), 25(1992), 7(1993), 9(1994), 6(1995),
and 2(1999), total Salmonella isolates were decreasing during this period.
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