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Executive Summary

Introduction

Following the events of September 11, 2001, EPA’s mission expanded beyond safeguarding the
natural environment — air, water, and land — from traditional sources of pollution. With the nation
under continued threat from those who seek to harm it, EPA also has the important
responsibility of helping to protect the environment from terrorist threats. Several Homeland
Security Presidential Directives describe EPA’s responsibilities, which are outlined in EPA’s
Homeland Security Strategy.

One of the most important issues facing EPA’s National Homeland Security Research Center
(NHSRC) is the development of a biological risk assessment methodology. No consensus-
based methodology exists for evaluating biological threat contaminants and establishing
cleanup levels. This Compendium of Prior and Current Microbial Risk Assessment Methods is
one of the first steps toward establishing such a methodology.

The Compendium

NHSRC recognized that microbial risk assessment (MRA) methodology was at an early stage of
development and that the methods applied in MRAs had not been systematically compiled,
analyzed, and evaluated for their application to biothreat incident assessment.

NHSRC'’s Threat and Consequence Division (TCAD) therefore set out to acquire all existing
information and research related to prior and current efforts regarding microbial risk
assessment. They evaluated the information acquired, selected the most relevant literature, and
prepared a compendium of the most applicable information on MRA methods.

The information gathered and presented here will be used to establish a preliminary framework
and integrated methods to support threat incident-based biological risk assessments. The
approaches described will be utilized in developing a future MRA methodology for biothreat
agents, as well as in developing the procedures needed to establish appropriate cleanup levels
following intentional contamination with biological hazards.

A great many studies were examined to ensure that the compendium would be a
comprehensive review of the field. For the relevant studies, the references and summary
information appear in Appendix A. The subsections of the appendix cover exposure
assessment, dose-response, risk characterization, hazard identification, and excluded studies.
Secondary references not reviewed are listed in Appendix B, and related references dealing
with particle deposition are included as Appendix C.

The body of this compendium report gives an overview of the studies in the compendium,
describes how these studies were selected for inclusion and then summarized, and presents the
roadblocks and deficiencies encountered in the literature as regards TCAD’s objectives, with
approaches to circumventing or remedying them where possible.
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SECTION 1: Overview and Guide to the
Compendium

1.1 Background

Shortly after September 11, 2001, the White House issued Homeland Security Presidential
Directives (HSPDs) that communicated presidential decisions concerning national homeland
security policy and tasked federal departments and agencies with specific activities. The HSPDs
confer specific responsibilities upon EPA for building decontamination and water system
infrastructure and protection. The HSPDs most relevant to EPA are:

HSPD 5: Management of Domestic Incidents

HSPD 7: Critical Infrastructure Identification, Prioritization, and Protection

HSPD 8: National Preparedness

HSPD 9: Defense of United States Agriculture and Food

HSPD10: National Policy for Biodefense

EPA’s National Homeland Security Research Center (NHSRC) was established to conduct
research in support of decontamination, water system and building security, and the rapid
assessment of threat scenarios and consequences. The overarching issue of “How clean is
safe?” has been a concern of several of EPA’s program offices, but the attacks of September
11" led to more pressing demands for deeper understanding of risks and responses in this
area. NHSRC must address critical new issues, one of the most important being the
development of a biological risk assessment methodology.

1.2 Approach

Currently, there exists no consensus-based methodology for evaluating biological threat
contaminants and establishing cleanup levels. NHSRC determined that a compendium of
relevant existing studies, and their approaches to assessing biological risk, would offer its
scientists a knowledge base that would enable them to direct their research most productively.
This compendium includes 135 of the most relevant studies published between 1994 and 2004.
(The criteria for inclusion, and the template used to summarize the information from each study,
are described in Section 2.) Of the relevant studies, 44 were related to exposure assessment
(EA), 31 to dose-response (DR), and 60 to risk characterization (RC). The roadblocks and data
gaps encountered by the summarized studies’ researchers are presented in Section 3, with
recommendations for dealing with them.

1.2.1 Exposure Assessment

The Exposure Assessment section of Appendix A includes 33 studies on foodborne, 6 studies
on waterborne, and 5 studies on airborne (inhalation) exposure methods. No dermal methods
for EA were identified.

1.2.1.1 Foodborne Organisms

Most of the food-based approaches incorporated EA models that simulate the prevalence of
pathogens and the dynamics of their growth and decline as the food moves from farm to table.
The early models of this class relied heavily on two types of assumptions in areas that are very
influential for microbial population dynamics in various media: first, computational convenience;
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and second, the times and temperatures of food storage. In addition, most disease transmission
models assumed discrete inputs or distributions for EA, since they were not process models that
could describe the route of exposure or potential dynamics prior to ingestion or inhalation. There
were many foodborne EA methods, particularly when it came to modeling changes in numbers
of bacteria at the various stages prior to consumption. It is hoped that some of these methods
for assessing the risk of foodborne exposure will be found to apply to scenarios that involve
deliberate contamination at establishments that offer or process food.

1.2.1.2 Waterborne Organisms

Models’ predictions of the inactivation of waterborne microbes (which are based on plant water-
quality measures, treatment system characteristics, and human exposure factors) were
consistent with measured concentrations in drinking water, suggesting that such models may
also be useful for predicting EA for intentional contamination of water distribution systems. EA
models for waterborne agents incorporated declining pathogen survival in water; this seems
appropriate, since conditions in water distribution systems would rarely (if ever) permit
significant growth. Several studies provided MRAs for pathogens in drinking water. Exposure
scenarios included contact with untreated or raw water, as well as water that had undergone
disinfection treatment. Poisson, negative normal, negative binomial, and beta-binomial
distributions were used for the prediction of microbial exposure through drinking water under
different scenarios.

1.2.1.3 Airborne Organisms

Size, density, and shape are key properties that influence particles’ aerodynamic properties, the
characteristics of their deposition within the respiratory tract following inhalation, and the
characteristics of their clearance from the respiratory tract. One of the studies clearly
demonstrated the importance of these particulate properties on the infectivity potential of
airborne anthrax spores. Data on these properties of biological threat agents are likely to be
useful in developing methods for assessing exposure and in analyzing exposure-response
relationships, and where possible were included in the information compiled for the
compendium. Knowledge of the mechanics of deposition and pathogenesis/infectivity of inhaled
spores may permit extension of existing particulate methods to anthrax dosimetry modeling.

1.2.2 Dose-Response (Hazard Characterization) Information

The more relevant DR models presented in Appendix A were found primarily in food ingestion
studies that included human clinical data for bacteria (Campylobacter, enterotoxigenic and
enteroadherent Escherichia coli, Plesiomonas, typhoid and non-typhoid Salmonella, Shigella,
Vibrio cholera), protozoans (Cryptosporidium, Entamoeba, Giardia), and viruses (rotavirus,
echovirus 12, polio virus, norwalk virus). Data from outbreak investigations were also used for
DR modeling for two bacterial pathogens (Listeria and E. coli O157:H7), and animal data were
used for DR modeling for a blue-green alga (Cyanobacterium), a bacterium (Listeria), and a
protozoan (Cryptosporidium). Typically, empirical models (exponential, beta-Poisson, Weibull-
gamma) were fitted to the data. Only one study discussed mechanistic modeling. Analysis-of-
variance models were developed for non-typhoid salmonellosis and shigellosis.

1.2.3 Risk Characterization

A large segment of the relevant literature addressed risk characterization (RC). Many tools were
used to link EA and DR models so as to characterize risk. Monte Carlo simulation was the most
common, but other types of models were also used, including Bayesian network, discrete
spatial-temporal simulator, disease transmission, hierarchical-statistical, and statistical-
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relational. To some extent, the choice of model type and tools depended upon the type and
guality of the available data. (Of the 60 RC studies that appear in Appendix A, 26 describe

disease transmission.) Many of the models included in the RC section were hypothetical or
theoretical. Several of the studies applied “what if” analysis and scenario analysis.

1.3 Application of Compendium to Methods Development

This compendium of most credible methods is intended to be the basis for developing a
generalized Preliminary Microbial Risk Assessment Framework. This framework will include the
following elements:

1. Hazard characterization/health effects assessment — This part will include (but not be
limited to) information on infectivity, adverse effects through lethality, virulence, host
specificity, infection mechanisms, and portals of entry.

2. Exposure assessment — This section will include at least transmission, persistence,
detection, size of exposed population, spatial and temporal nature of exposure,
symptomatology, and containment. All relevant pathways (inhalation, ingestion,
dermal) and media (air, food, water, surfaces) will be specified.

3. Risk characterization — The framework will cover level of risk (e.g., probability
statements, effective dose range), all relevant uncertainties for key factors (e.g.,
transmission, lethality, dose-response, detection, background, sampling), and
attributable risk.

As can be seen in Appendix A, the study summaries in this compendium include the material
that will make it possible to develop the framework.
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SECTION 2: How the Compendium Was
Developed

2.1 Development of Literature Search Strategy and Criteria

The initial step in the compendium development process was the design of a search strategy for
identifying relevant methodologies and approaches in microbial risk assessment. The search
strategy needed to reveal pertinent information in scientific publications, technical reports,
presentations given at scientific meetings, workshop reports, and so on. The information would
then be cross-referenced with sources of additional information identified in documents, and
reports would be pursued as appropriate. In the case of scientific abstracts presented at
meetings and workshops, presenters would be contacted as necessary to secure copies of
relevant publications or supporting reports.

A list of criteria, given below, was used to conduct the world literature search. The sources
included information published in the open literature, provided via the Internet, or made
available through other public avenues — for example, technical reports released on federal
agency Web sites, publications in peer-reviewed journals obtained through libraries (e.g.,
MEDLINE, TOXLINE, NTIS, Agricola, Biosis, SciSearch), professional society publications and
technical reports (e.g., ASM, ILSI, SOT, SRA, NAS), publications obtained directly from
researchers in academia or in federal laboratories, reference listings in technical and workshop
reports, and other material considered reliable.

Literature Search Criteria

o “Biological” agents are taken to mean only microbial, infectious agents, such as viruses
and bacteria.

e Each candidate method or piece of material must address some aspect of microbial risk
that could lead to formulation of a methodological approach.

e The hierarchy of sources shall include, but not be limited to, peer-reviewed journals, the
private sector, the federal government, military organizations, professional societies,
academia, and international research and professional organizations.

e The literature search is to go back 10 years.

e In all cases, the method or approach identified does not necessarily have to be
associated with a threat organism of concern to NHSRC. Methods and approaches
associated with any other microbial organism will qualify as long as they are useful and
can be directly applied to one or another of the NHSRC threat organisms.

e Air, water, and/or food matrices qualify for consideration.
e The method may assess any type of exposure route (dermal, inhalation, ingestion).

e The method must fall into at least one of the following categories:

o Approach has developed or applied models for transmissibility, host persistence, or
biomarkers of infectivity or other endpoints.

o Approach deals with the use of epidemiologic, breakout, or other unique datasets to fashion
a dose-response curve for a microbial agent.

o Approach has designed a process for developing exposure assessments on the basis of
breakout or epidemiologic data and/or aerosol behavior and deposition of a microbial agent.

Over 1700 citations and more than 50 links to Web documents were considered, and 267
citations met these criteria for potential inclusion in the compendium.
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2.2 Selecting Relevant Biological Risk Assessment Methods

A two-step process was used to screen the gathered references for further review and
consideration for inclusion in the compendium. First, two overarching inclusion criteria for
method selection were applied.

Inclusion Criteria

* Any reference will be included in the compendium if it provides a full description of a
method for assessing the risk of bacterial and/or viral hazards by any human exposure
route (dermal, inhalation, or ingestion).

e Any information source will be included in the compendium if it describes a method for
secondary transmission of any microbial hazard contained in the source.

The most relevant MRA efforts described in the publicly available literature, irrespective of the
basis and application of the method (e.g., assessment of risk of foodborne, airborne, or
waterborne organisms; exposure assessment; dose-response; model development), were thus
selected for review.

Second, specific exclusion criteria were used to further screen the citations, so as to generate a
final list of most desirable references.

Exclusion Criteria

e chemical hazards and microbial toxins (clostridia, staphylococci, ...)

o Dbiological agents other than bacteria and selected viruses

o rickettsial agents (Q-fever, typhus, ...)

e parasites (Cryptosporidia, Giardia, ...)

o fungi (mildew, spores, human disease agents, ...)

e prion agents (BSE, TSE, ...)

e sexually transmitted diseases

e pathogens requiring transmission by arthropod vectors

¢ influenza, hepatitis, HIV viruses

e animal and plant pests

e non-pathogenic agents

e genetically modified foods

e environmental modeling (surface water, ground water, agricultural, solid waste)
e antimicrobial-resistant microorganisms

e general modeling techniques applied to non-microbial hazards

¢ hazard identification methods

e principles, guidelines, definitions, and frameworks without pertinent examples
o food safety objectives

e economics and risk management methods (cost-benefit analysis, HACCP, ...)
e risk communication

e commerce and trade

o medical procedures and pharmacological studies

The application of these two sets of criteria reduced the 267 references to 135 studies to be
evaluated (a total of 132 templates). Of these 135 studies, 44 were related to exposure
assessment, 31 to dose-response, and 60 to risk characterization of MRA methods. (They can
be found in sections A.1 (EA), A.2 (DR), and A.3 (RC) of Appendix A to the compendium.)
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Methods that did not meet the inclusion and exclusion criteria are more likely to represent
marginal or weak studies that lack the necessary scientific rigor to support future EPA decision
making.

2.3 Evaluation and Presentation of Compendium Results

Once the most desirable references had been extracted from the results of the literature search,
a template (shown in Table 1) was developed for summarizing and critiquing the data presented
in the chosen documents. It serves as the general structure for the content of most of Appendix
A. As Table 1 shows, the template presentation provides a brief introduction to each of the
literature sources, including items such as source type (report, publication) study type (exposure
assessment, dose response), publication attributes (author, sponsoring organization),
experimental design, observed data gaps and possible solutions, weight of evidence, plausibility
of the authors’ conclusions, applicability to microbial risk assessment, and inclusion in other
sources.

The studies presented in sections A.1 through A.3 represent an overview and evaluation of
recently published studies whose methods could support the development of the methods
needed for NHSRC’s purposes. Within each section the studies are presented in alphabetical
order, with a complete list of the references at the start. The template in Table 1 is also used in
section A.5 of Appendix A, which presents the studies that were considered to be hazard
identification rather than useful approaches, and A.6, which summarizes the studies that did not
meet the other exclusion criteria described above. (Section A.4 is a list of all the sources
discovered by the study.)

Appendix B lists the secondary search results, which were not reviewed and evaluated.
Appendix C gives a complete list of citations for particulate deposition. Both of these listings
may merit future examination.

The template summaries were designed to emphasize not only gauging the quality of the data
presented, but also evaluating its utility. Guidelines for rating data utility were established (see
Table 2 below) to assist with deciding how well the information in the document could be
extended and applied to incident-based risk assessment of biothreat agents in buildings and
water distribution systems.
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Table 1. Sample Study Summary Template

Section Title

Section Content

A. Study Identification
(tailored by type and group)

Complete reference (author, title, journal, etc.) or URL

B. Objectives and Type of
Study

. purpose
. type (EA, DR, RC, etc.)

C. Publication Attributes

. sponsors/affiliations
. peer-review mechanism (e.g., journal)

D. Data and Study Design

. type of data

. source

. extent of data

. sampling plan

. sample size

. performance characteristics
. relevance

N o O WONEFEINEFEIN B

E. Method/Model/Approach

1. general characteristics (e.g., experimental, observational,
simulation)

2. specific characteristics (e.g., error structure for analytical
data; repeatability; reproducibility; adequacy of analytical and
statistical methods; completeness of study)

3. assumptions

4 limitations
5. relevance
F. Study Conclusions and 1. conclusions (supported by the data)
Extended Applications 2. authors’ extrapolations from the observed data
G. Data Gaps and Proposed 1. data gaps
Solutions 2. proposed solutions
H. Weight of Evidence 1. robustness of method
2. representativeness of data
3. generalizability or external validity
4. soundness of study conclusions or internal validity

(631

. defensibility

I. Criteria for Exclusion From
Compendium

e.g., review study, or insufficient data quality or quantity to
support rigorous science-based modeling

J. Reviewer Comments

e.g., description of most appropriate uses of method

K. Cross-References

additional data from same study summarized in other sections
of the compendium
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Table 2. Key to Ratings of Utility of Study Data and Methods for EPA’s Purposes

Template
Section and Ratings
Subsection Used Definitions

Section D, item 7 (relevance of data)

high meets all three data-relevance criteria (1. agent named on EPA list; 2.
waterborne, foodborne, or airborne agent; 3. sound study based on
description for items 3—6 of Section D)

medium | meets two criteria

low meets one criterion or none

NA not applicable or not available

Section E, item 5 (relevance of method)

high meets all method-relevance criteria (1. data rated high relevance;

2. directly describes aspects needed for incident-based scenario
modeling for acute and residual effects, including fate and transport,
dose-response, disease transmission, or risk characterization for
airborne, waterborne, or foodborne hazards)

medium | meets one criterion

low meets no criterion

NA not applicable or not available

Section H, item 1 (robustness of method)

high method applied to multiple datasets of interest with consistent
performance

low method applied sparsely or with inconsistent performance

NA not applicable or not available

Section H, item 2 (representativeness of data )

high agent named on EPA list

low related or unrelated agent

NA not applicable or not available

Section H, item 3 (generalizability or external validity)

high predictions of model consistent with other data sources and other
studies
low sparse validation or predictions inconsistent with other data sources

and other studies

NA not applicable or not available

Section H, item 4 (soundness of study conclusions or internal validity)

high acceptable adequacy, completeness, and soundness of conclusions

low marginal adequacy, completeness, and soundness of conclusions
based on primary reference

NA not applicable or not available

Section H, item 5 (defensibility)
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Template
Section and Ratings
Subsection Used Definitions
high method applicable to incident-based MRA of buildings and water
systems
low method of uncertain usefulness for incident-based MRA of buildings

and water systems

UN cannot be determined at present

10
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SECTION 3: Microbial Risk Assessment
Roadblocks and Recommended Solutions

Information relating to the conduct of microbial risk assessments is relatively incomplete and of
highly variable quality. Critical roadblocks to the design of a preliminary biological risk
assessment framework, such as data gaps or insufficient detail on models and methods, were
encountered in all of the information sources selected for the compendium. Each of the
compendium summaries includes an assessment describing how each of these roadblocks
affected the outcome of that risk assessment, and provides a recommendation for
circumventing the roadblocks where possible. (Some of the roadblocks may require extensive
research.) Given the potential immediacy of a biothreat incident, it is recommended that the
short-term circumventions be pursued. However, an approach to the long-term strategies needs
to be planned as well. Several recommendations are made in the sections that follow.

In the studies reviewed, scientific roadblocks were commonly encountered by scientists
conducting MRAs in the EA and DR areas. These were related primarily to incomplete
understanding of the processes that influence exposure and delivery of doses, as well as of the
progression from colonization or infection to manifestation of adverse effects or illness. Often
risk assessors developed solutions that circumvented those roadblocks and permitted RC,;
these are also discussed. The subsections below discuss the critical roadblocks and gaps, and
recommendations for circumventing or filling them, for each of the principal study areas. The
major roadblocks encountered in EA and DR for incident-based risk assessment for biothreat
agents in buildings and water distribution systems, as well as two RC roadblocks, are
summarized in Table 3 (at the end of Section 3).

MRA methodologies developed by U.S. government agencies and international organizations
usually involve multi-year plans, internal and external peer review, and public comment, and go
through multiple revisions. The following extensively documented microbial risk assessments
were under revision at the time of the search and thus were unavailable for inclusion in the
compendium;

o USDA MRA: E. coli 0157:H7 in ground beef, non-typhoid Salmonella in eggs and egg products,
Clostridium perfringens in ready-to-eat meat and poultry products

o FDA MRA: Vibrio parahemolyticus in seafood
o WHO/FAO MRA: Campylobacter in poultry and Vibrio in seafood

In addition, information on the EPA Office of Water risk assessment for waterborne
cryptosporidiosis was not reviewed.

3.1 Exposure Assessment Roadblocks

One roadblock in the EA area is the lack of knowledge regarding dosimetry and mechanisms
controlling pathogenesis and virulence of inhalation hazards. This might be addressed by
developing exposure models for airborne biothreat agents. Such models would benefit from the
availability of several types of data, including the behavior of microbial agents in air under
variable environmental conditions (e.g., air movement, humidity); the type of source (e.g., point
source vs. area source); the size, density, and shape of the microbial agent released into air;
and the rate of release of the agent into the environment.

Once the behavior and characteristics of the agent in the atmosphere are understood,
established models of aerosol deposition and clearance in the human respiratory tract could be

11
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employed to estimate the numbers of microorganisms retained within various parts of the body,
including the regions of the respiratory tract (e.g., nasal, tracheobronchial, or alveolar). (The
ability of some airborne biological agents to infect a host organism may vary with how many
organisms are retained within a particular respiratory-tract region.) Once the number of
organisms retained in the body after exposure can be measured or estimated, this information
can be combined with the knowledge of the infectious properties of the individual agents to
estimate risks of infection or disease.

A second roadblock that becomes clear from a review of the EA studies is that microbial risk
assessors encountered an incomplete understanding of the processes that influence exposure
and delivery of doses exceeding the “safe” level to the target tissue. Many food-safety risk
assessments addressed this roadblock by developing elaborate conceptual “farm-to-fork”
process models that describe hypothetical exposure scenarios defined by assumptions of times
and temperatures of storage to predict pathogen numbers per serving at food consumption.

Many large, nationally representative datasets provide good-quality data for certain portions of
these process models. Reliable, nationally representative data on human behaviors during food
production, processing, distribution, preparation, and consumption are not available, however.
In addition, the scientific bases for how physiological factors in the host influence exposures to
biological agents by ingestion, dermal, or inhalation routes are incompletely understood, limiting
reliable prediction of survival (for given exposures) to target tissue.

A third roadblock is the lack of data or theories to support the selection of biologically
appropriate distributions or functions in early foodborne exposure assessment models. These
early models did not present alternative model structures, systematically account for variability
and uncertainty, or conduct sensitivity analyses for rating the importance of alternative
interpretations of the data and the underlying model assumptions and structure.

A list of the major roadblocks for all three areas appears in Table 3, at the end of Section 3.

3.2 Dose-Response Roadblocks

Many risk assessors encountered a lack of quantitative data describing the DR relationship for
the agent of concern. Often they used a surrogate measure, such as detection of an
administered pathogen in feces after a large bolus dose, to approximate colonization or infection
of the gastrointestinal tract and to establish a framework. Such an approximation can be
appropriate, with full reporting of the time-course under which colonization is established
(beyond the clearance of the dose). However, as noted in Table 3, most of the human clinical
studies did not provide sufficient level of detail to establish equivalence to true infection.

In addition, both human and animal clinical datasets are typically sparse, with few dose groups,
small numbers of individuals per group, and limited or no data at the low doses that are typical
of properly prepared foods and properly treated water. Furthermore, mechanistic data with
which to model the progression of adverse endpoints, such as diarrhea from colonization or
infection, are lacking as well. In some cases, such a relationship is inconsistent with, and poorly
predictive of, data for adverse endpoints. However, such a surrogate infection model is likely to
be conservative, and, in the absence of more concrete data, may be of benefit to a risk
assessor exploring biothreat possibilities.

One specific recommendation that can be made to circumvent DR roadblocks related to
insufficient data builds on an approach employed in chemical risk assessment, the use of the
“point of departure.” This is a semi-quantitative method that could be adapted for biothreat
agents from limited epidemiologic or clinical data. It uses the point of departure from an estimate
of “safe” dose, such as no observed adverse effect level (NOAEL) or lowest observed adverse

12
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effect level (LOAEL). The body of evidence for biological hazards such as anthrax supports
threshold regions in animal clinical studies and human occupational studies below which
adverse effects are unlikely. This solution is more scientifically defensible than current “zero
tolerance” policies for exposure, which require cleanup to zero detection.

Among the DR templates summarized in the compendium, good-quality data exist for only a few
of the organisms on the biothreat list, such as Cryptosporidium. (The same is true for the RC
disease-transmission templates; Yersinia is one of the few examples.) While some data and
modeling for EA could be generic — that is, appropriate for multiple biothreat agents — agent-
specific dose-response relationships are likely to be necessary. There is considerable diversity
in virulence mechanisms and the gene arrays controlling the expression of virulence, as well as
in physiological measures of susceptibility in host-pathogen interactions, such as host immune
status.

No direct, systematic method for measuring the relative pathogenicity and virulence for enteric
pathogens under controlled laboratory conditions exists to date, so surrogates are frequently
used. This approach may not be dependable, though. Consider, for instance, three “related”
bacterial pathogens used in risk assessments for E. coli O157:H7. Two are other
enteropathogenic E. coli strains, relatively weak pathogens that are fairly closely related, while
the third is Shigella dysenteriae, a more distant relative that happens to have one virulence
factor in common with the others, a Shiga toxin. Shigella invades host cells directly, while the
enteropathogenic strains are non-invasive. The kinetics of disease progression for invasive and
non-invasive pathogens is unlikely to be similar, yet a shigellosis model has been used by
multiple risk assessment teams as a surrogate for the dose-response relationship for E. coli
O157:H7.

3.4 Risk Characterization Roadblocks

The roadblocks discussed above for EA and DR also influence risk characterization. As shown
in Table 3, however, a unique roadblock for the RC studies is the premise that qualitative or

semi-quantitative microbial risk assessments are less useful to risk managers than quantitative
assessments based on incomplete data and assumptions. This leads to reluctance to develop
“safe” levels for biological hazards that could multiply under certain conditions. One solution to
this roadblock is to adopt an established practice of chemical risk assessors: develop scientific
documentation that will justify an existing approach (e.g., the hazard-quotient RC approach).

Many of the models included in the selected RC studies were somewhat hypothetical or
theoretical, and largely unvalidated. However, biothreat incidents will also be unvalidated
scenarios that must be dealt with on the basis of limited scientific evidence, intelligence
information, scientific theory, and assumptions. A review of the studies in the compendium
suggested that the use of certain types of data might be a solution to this problem. They are:

data for related surrogate pathogens for which human clinical data are available

data from epidemiologic investigations of outbreaks with the pathogen of interest

o data from animal clinical trials

o data from animal clinical trials adjusted by anchoring to epidemiologic surveillance data

o

The scientific defensibility of applying these solutions to methods for incident-based risk
assessment will depend upon the body of evidence for the biothreat agents, the variability of
pathogen and host, and the probability that enough of the agent can be delivered in plausible
building and water distribution systems scenarios to cause illness.

MRA methods, in turn, could build upon principles and guidance developed in chemical risk
assessment. Just as is true in toxicology, a dose of a biothreat agent (chemical) causes an
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adverse effect (poisoning). Public perception of biological agents, however, is often that
exposure equals illness or even death, independently of the dose.

Microbial risk assessors need a systematic, scientific body of evidence (like that now available
in toxicology) to document more fully the dose-response relationships, or relative pathogenicity
and virulence, for panels of biological agents at multiple doses, and particularly at low doses.
Such a body of evidence would be helpful in increasing public awareness and encouraging
open debate about acceptable levels of risk (>0) for pathogens.

3.4 Roadblock-Circumvention Matrix

Table 3 below summarizes the roadblocks and recommended method(s) of circumvention.

Table 3. Summary of Roadblocks and Recommended Circumventions

Roadblock

Recommended Circumvention

Exposure Assessment

Incomplete understanding of the
processes that influence exposure and
delivery of doses

Short term: Consider development of waterborne
scenarios, which may be more defensible than
airborne and dermal scenarios.

Long term: Extend airborne and dermal models for
particulates and chemicals to biothreat agents.

Incomplete understanding of scientific
bases for host physiological factors
influencing exposures by ingestion,
dermal, or inhalation routes for biological
agents

Short term: Use the EPA Exposure Factors Handbook
to identify values for calculating estimates of exposure.
Exposure estimates should be correlated with the best
known dose-response information for each organism
or its validated surrogate.

Long term: Extend body of knowledge from PBPK or
compartment modeling of physiological, cellular, and
sub-cellular events controlling exposure to target
tissue.

Limited data or theories to support the
selection of biologically appropriate
distributions or functions in early
foodborne exposure assessment models

Increase attention to weight-of-evidence approaches to
develop cohesive explanation for body of evidence.

Limited consideration of alternative model
structures or data interpretations for early
foodborne models

Increase attention to weight-of-evidence approaches to
develop cohesive explanation for body of evidence.

Limited systematic accounting for
variability and uncertainty for early
foodborne models

Seek greater transparency and more realistic
interpretation of predictions in light of rigor of treatment
of variability and uncertainty.

Limited capacity to conduct sensitivity
analyses for rating the importance of
alternative interpretations of the data and
the underlying model assumptions and
structure for early foodborne models

Short term: Build simpler models that are less
cumbersome to modify, run, and interpret.

Long term: Develop simple approximations that are
rigorous and scientifically defensible.
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Lack of knowledge on dosimetry and
mechanisms controlling pathogenesis and
virulence for biothreat agents by priority
routes (airborne, waterborne, dermal,
foodborne)

Short term: Obtain data for priority agents for
inhalation and dermal routes, as well as waterborne;
foodborne too if scenario becomes a priority.

Long term: Partner with government and military
laboratories to generate data and extend available
models from other fields — e.g., toxicology, PBPK
modeling.

Dose-Response

Incomplete understanding of progression
from colonization or infection to adverse
effects or illness

Short term: Model adverse endpoints directly.

Long term: Generate data to describe mechanisms of
pathogenesis and virulence for priority biothreat
agents.

Lack of quantitative data describing the
DR relationship for the agent(s) of concern

Short term: Develop simple qualitative or semi-
quantitative models for “safe” levels.

Long term: Generate data to describe dose-response
relationship more quantitatively.

Sparse quantitative data, particularly at
low doses

Short term: Fit available data to alternative DR
functional forms and extrapolate to low-dose region.

Long term: Generate data to fully describe dose-
response relationship, particularly in the low-dose
region.

Risk Characterization

Premise that qualitative or semi-
quantitative MRAs are less useful to risk
managers than quantitative assessments
based on incomplete data and
assumptions

Develop scientifically defensible qualitative and
guantitative methods in a tiered approach based on
availability of data and regulatory need.

Reluctance to develop “safe” levels for
biological hazards that could multiply
under certain conditions

Short term: Promote analytical-deliberative process in
scientific and public meetings to engage community in
dialogue about dose-response.

Long term: Partner with risk managers in the
government and military to develop scientific
databases and decision support tools to respond to
changing policy needs.
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A. Exposure Assessment Study
Identification (Food)

Bemrah N., M. Sanaa , M.H. Cassin, et al. 1998. Quantitative risk assessment of human listeriosis from
consumption of soft cheese made from raw milk. Prev. Vet. Med. 37(1- 4): 129-145.

B. Objectives and Type of Study

1. purpose: scientific; To quantify risk of exposure to L. monocytogenes from consumption of soft cheese made
from raw milk from a public health perspective.

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Epidemiology and Animal Health Management Laboratory, Alfort Veterinary School,
Maisons-Alfort, France

2. peer-review mechanism: peer-reviewed journal

D. Data and Study Design

1. type: data published on the different sources of milk contamination (environment and mastitis) and bacterial
growth

2. source: published literature

3. extent of data: quantitative data of raw milk contamination and growth in cheese
. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: low

E. Method/Model/Approach

RN O O~

. general characteristics: to estimate the potential exposure to L. monocytogenes in a single serving

2. specific characteristics: Exposure characterized by the probability distribution of L. monocytogenes colony-
forming units (CFU) in 31-gram servings of cheese (which represents 1/8 of a 250-gram cheese. A table
summarizing the various exposure variables is provided along with their assumed distribution. Each one of the
exposure variables is discussed and the range of values provided in the literature is provided. Variables include
those associated with milk production, cheese processing, consumption, and dose response.

3. assumptions: made for number of farms, herd size, and milk volume per cow; triangular distributions used
when exact distributions unknown. Poisson distribution used for organisms distribution in homogeneous liquid.

4. limitations: data retrieved were more than six years old and did not account for recent improvements in
hygiene
5. relevance: medium

F. Study Conclusions and Extended
Applications

1. conclusions: NA
2. authors’ extrapolations: NA

G. Data Gaps and Proposed
Solutions

1. data gaps: indicated by the assumptions that had to be used in E3
2. proposed solutions: research needed for areas having no available data
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H. Weight of Evidence

1. robustness of method: low

2. representativeness of data: low

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: high
5. defensibility: low

|. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

Provided a thorough exposure assessment for L. monocytogenes which could be used as a template for
obtaining the types of data necessary for other pathogens in a similar foodborne exposure scenario.

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Brown, M.H., K.W. Davies, C.M.-P. Billon, C. Adair and P.J. McClure. 1998. Quantitative microbiological risk
assessment: Principles applied to determining the comparative risk of Salmonellosis from chicken products. J.
Food Protect. 61(11): 1446-1453.

B. Objectives and Type of Study

1. purpose: future regulatory interest; to use existing mathematical models as a Quantitative Risk Assessment
(QRA) tool to provide transparent, model-based QRA to allow effective risk communication within food
manufacturing business

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Unilever Research Laboratory
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: size of portion including weight and dimensions, incidence of infectious agent in poultry raw material,
level and distribution of microorganisms in raw material

2. source: experimental data, published scientific literature, unpublished internal surveys
. extent of data: NA

. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: low

~N o O ~W
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E. Method/Model/Approach

1. general characteristics: estimate of risk of salmonellosis due to undercooked chicken consumption, obtained
by integration with respect to time, microbial distribution, and extent of cooking

2. specific characteristics: expected risk calculated by integrating frequency of contamination, models describing
heating effect, and dose response; lognormal distribution used to describe distribution of microorganisms in raw
material; simple log-linear model used to represent fate of microbes during heat treatment

3. assumptions: for thermal inactivation, frozen product counts equaled that in raw material; microbes surviving
factory cook used as challenge for home cooking; heat inactivation kinetics in frozen products not significantly
different from published values; microbial survivors of heat treatment are infectious

4. limitations: study only considers heating effect on microbial numbers; heat transfer equation used one-
dimensional solution based on shortest thermal path instead of three-dimensional solution

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions: risk of infection is very sensitive to “product and cooking attributes”
2. authors’ extrapolations: NA

G. Data Gaps and Proposed
Solutions

1. data gaps: effects of growth and recontamination not considered

2. proposed solutions: expand model to consider recontamination; extend heat transfer coefficient to a choice of
several relevant to different products or processes; use more flexible heat transfer model to account for freezing,
thawing, and several processing steps

H. Weight of Evidence

1. robustness of method: NA

2. representativeness of data: low

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: low
5. defensibility: low

|. Criteria for Exclusion from NA
Compendium
J. Reviewer Comments NA

K. Cross-References

Brown et al., 1998 in RC

A. Exposure Assessment Study
Identification (Food)

Coleman, M.E., S. Sandberg and S. Anderson. 2003. Impact of microbial ecology of meat and poultry products
on predictions from exposure assessment scenarios for refrigerated storage. Risk Anal. 23(1): 215-28.
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B. Objectives and Type of Study

1. purpose: scientific, future regulatory interest
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: USDA Food Safety and Inspection Service
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: experimental data for microbial growth (Pin and Barnayi 1998; Buchanan and Bagi 1997; ARS Pathogen
Modeling Program; Buchanan and Klatwitter 1992); survey data for initial levels and frequency of positive broiler
(FSIS, www.fsis.usda.gov/OPHS/baseline/contents.htm) and ground beef samples (FSIS,
www.fsis.usda.gov/OA/topics/0157.htm#3) and refrigeration temperatures (Audits International 1999)

2. source: published studies and government datasets

3. extent of data: large datasets for bacterial growth curves in culture broth; large surveys for broiler and ground
beef microbial characterization and for refrigeration temperatures

4. sampling plan: factorial design for growth studies under various temperature, pH, salt conditions; probability
based sampling for broiler survey; broiler rinsate and ground beef samples analyzed for presence and level of
pathogens including E. coli 0157:H7, Campylobacter, Listeria, and non-typhoid Salmonella and level of total
Aerobic Plate Count (APC); additional data generated for Clostridium perfringens and Staphylococcus aureus not
used as model inputs

5. sample size: large number of samples for bacterial growth curves, e.g., 184 curves for E. coli 0157:H7 model
in ARS Pathogen Modeling Program; survey data included 1,297 broiler samples and 563 ground beef samples
and 943 samples for refrigeration survey

6. performance characteristics: only simple statistics provided (e.g., means or geometric means, confidence limits
on the mean)

7. relevance: high for E. coli O157:H7

E. Method/Model/Approach

1. general characteristics: 10,000 iteration Monte Carlo simulation using Latin hypercube sampling from the
distributions specified below

2. specific characteristics: beta for probability of contamination; lognormal for initial density of indigenous biota
and point estimates for maximal densities reported in surveys for initial densities of pathogens; triangular for
refrigeration temperatures and times (point estimates used for maximal growth rates and maximal population
densities)

3. assumptions: survey results representative of food supply; total Aerobic Plate Count (APC) representative of
indigenous microbiota; pseudomonads plausible surrogates for growth of indigenous microbiota; growth kinetics
in broth representative of unconstrained growth in meat and poultry products; growth of indigenous microbiota is
self-constraining at 10° CFU/g and antagonistic to pathogens at 10’ CFU/g; microbial populations are
homogeneously distributed in meat and poultry products; best case scenario assumed proper refrigeration
temperatures throughout production, distribution, and handling; times at selected temperatures expert opinions

4. limitations: unadjusted growth models represent optimal growth in the absence of competitive microbiota
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causing bias in overprediction of growth potential; sparse validation for growth constraints in non-sterile foods,
particularly for low initial inoculum levels observed for pathogens under proper handling and storage conditions

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: low frequency of pathogen contamination and growth in broilers and
ground beef with proper refrigeration; antagonism of pathogen growth by indigenous microbiota likely in
refrigerated meat and poultry products;

2. extrapolations: pseudomonads used as surrogate for heterogeneous population of indigenous microbiota of
meat and poultry to constrain maximal growth of pathogens under optimal experimental conditions in culture
broth

G. Data Gaps and Proposed
Solutions

1. identification of data gaps: distribution of pathogens in solid and liquid foods (random homogeneous or
clustered?); time-temperature scenarios and frequencies for US meat and poultry; frequency of deviations from
food handling guidance on temperature controls and storage times;

2. proposed solutions: see E.3. and F. above

H. Weight of Evidence

. robustness of method: high

. representativeness of data: high

. generalizability or external validity: high

. soundness of study conclusions or internal validity: high

. defensibility: high for threat scenarios that support bacterial growth

a b~ WN P

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

1. useful for threat scenarios permitting bacterial growth, in biofilms in water distribution systems or for
contamination of foods or food service facilities

2. growth may be unlikely in water distribution systems and buildings with adequate security measures

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Coleman, M.E., M.L. Tamplin, J.G. Phillips and B.S. Marmer. 2003. Influence of agitation, inoculum density, pH,
and strain on the growth parameters of Escherichia coli 0157:H7 - relevance of risk assessment. Int. J. Food
Microbiol. 83: 147-160.

B. Objectives and Type of Study

1. purpose noted by study authors: scientific, regulatory interest - Article focuses on uncertainty in extrapolation
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of kinetic models for growth generated in culture broth to food matrices.
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: University of Maryland Eastern Shore, USDA Food Safety and Inspection Service and
Agricultural Research Service, Eastern Regional Research Center

2. peer-review mechanism: scientific journal review

D. Data and Study Design

1. type: Current studies were designed to address four factors that may bias exposure assessment models for
Escherichia coli O157:H7: temperature, initial density of the pathogen, agitation or aeration, and strain.

2. source: targeted research
3. extent of data: large datasets for bacterial growth in culture broth and microtiter plates; nine strains were used
4. sampling plan: factorial design

5. sample size: Study included a 2x2x3 factorial design to evaluate initial density, a 2x2 design was selected to
evaluate effects of lower pH. Approximately 10 to 25 observations were made over the full range of the growth
curve at each incubation temperature. Approximately six observations were obtained for the multi-strain
experiments.

6. performance characteristics: NA
7. relevance: high

E. Method/Model/Approach

1. general characteristics: Study characteristics included a 2x2x3 factorial design with duplicate flasks used for
each combination of initial density. A 2x2 design was selected to evaluate the effects of lower pH at 10C in the
flask system. Two experimental designs were developed for the qualitative screening assays of growth/no-
growth interface for the nine strains using a microtiter plate format.

2. specific characteristics: For the factorial design, 10 to 25 observations were obtained for each treatment over
the full range of the growth curve at each incubation temperature. At least six observations per treatment were
obtained for the multi-strain experiments. Growth/no growth was visually assessed in duplicate experiments.
Kinetic data from the experiments were fit to simple linear regression and the Baranyi models.

3. assumptions: NA
4. limitations: NA
5. relevance: medium

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: The growth/no-growth interface observed in microtiter plate assays was
temperature dependent. At pH 5.5, near the lower limit of growth temperature for E. coli 0157:H7, strain
variability for the panel of strains isolated from beef, agitation, and initial density appeared as a relatively minor
effect, compared to the significance of agitation and initial density treatments on kinetic parameters.

2. authors’ extrapolations from the observed data to other populations or conditions: Factors that may contribute
to shorter lag and higher growth rate and maximum population density (MPD) in vigorously agitated liquid media
may be a greater availability of dissolved oxygen and the cells under shaken conditions are less likely to remain
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clustered in microcolonies. The current study design was sufficient to demonstrate statistical significance of the
slope parameters for all four treatments at 10C. The results caution against simplifications of the complex
community of competing bacterial species in foods without systematic study. The effects of agitation, initial
density, pH, and strain were significant for growth kinetics near the boundaries of the growth/no-growth interface
for E. coli O157:H7.

G. Data Gaps and Proposed
Solutions

1. data gaps: Risk assessors have not fully incorporated the extensive body of evidence on microbial ecology of
foods.

2. proposed solutions: Risk assessors should evaluate the uncertainty in predictions of growth kinetics at the 1-
to- 2-day period recommended by FSIS for refrigerated storage in consumers’ homes. Develop testable
scenarios that depict potential deviations from proper handling to determine the probability and extent of growth
in nonsterile ground beef that was temperature abused.

H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: high

3. generalizability or external validity: high

4. soundness of study conclusions or internal validity: high
5. defensibility: low

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

Article provides a detailed account of some of the factors that contribute to the growth of the pathogen E. coli
0157:H7 at less than optimal conditions.

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Davidson, V.J. and J. Ryks. 2003. Comparison of Monte Carlo and fuzzy math simulation methods for
guantitative microbial risk assessment. J. Food Protect. 66(10): 1900-1910.

B. Objectives and Type of Study

1. purpose noted by study authors: evaluate and compare the use of fuzzy values and probability distributions to
represent variability and uncertainty in risk assessment

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Ontario Ministry of Agriculture and Food; University of Guelph, Canada.
2. peer-review mechanism: scientific journal review
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D. Data and Study Design

1. type: published and unpublished data on levels of Campylobacter jejuni in poultry at various stages of
processing

2. source: Berrang and Dickens, 2000; Oosterom et al., 1983; Izat et al., 1988; Abu-Ruwaida et al., 1994; Cason
et al., 1997; Line (unpublished data)

3. extent of data: extensive data on changes in levels of Campylobacter jejuni on chickens due to processing at
five stages of poultry processing

4. sampling plan: NA

5. sample size: NA

6. performance characteristics: NA
7. relevance: high

E. Method/Model/Approach

1. general characteristics: comparison between the use of fuzzy simulation (i.e., fuzzy values and interval
arithmetic) and Monte Carlo simulation (i.e., probability distributions and Latin Hypercube sampling) to model
variability and uncertainty in exposure assessment

2. specific characteristics: Monte Carlo simulation was performed with @Risk using 10,000 iterations and Latin
Hypercube sampling; fuzzy multiplication of three or more terms used the approximation method of Giachetti and
Young (1997); exposure estimates were modeled in each of the 5 steps included in the poultry preparation
process described by Fazil et al. (1999) - soft scald, defeathering, eviscaration, washing and chill with chlorinated
water

3. assumptions: distributions for variability and uncertainty could be represented with triangular membership
functions (fuzzy approach) and triangular probability distributions (Monte Carlo approach); cross-contamination
could occur during defeathering and evisceration processes

4. limitations: correlations between probability distributions were not considered in the Monte Carlo simulation
approach, which may have increased the probability of extreme values, and the skew in the risk distributions, if
the data indicated there was correlation among the extreme values of the input distributions

5. relevance: high

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: estimates of the mean concentration of C. jejuni at each processing step
were similar between the two simulation approaches, and were generally consistent with literature values
(authors do not cite the sources of the literature values that are referred to); the ranges of simulated values
produced with the fuzzy simulation approach were greater than the range produced with the Monte Carlo
approach

2. extrapolations: NA

G. Data Gaps and Proposed
Solutions

1. data gaps: NA
2. proposed solutions: NA

H. Weight of Evidence

1. robustness of method: high
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2. representativeness of data: high

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: high
5. defensibility: high

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

The paper describes in general terms how and when fuzzy simulation may be appropriate (possibly for incident-
based microbial risk assessment of buildings and water systems) but does not offer a specific model or data that
are directly applicable; the paper provides references to data on the concentration of C. jejuni that may be useful;
not clear from the paper if uncertainty in parameter estimates was considered in the exposure assessment
(despite the stated objective of the research)

K. Cross-References

Berrang and Dickens, 2000; Fazil, et al. 1999; Giachetti and Young, 1997; McNab, 1998

A. Exposure Assessment Study
Identification (Food)

Delignette-Muller, M.L. and L. Rosso. 2000. Biological variability and exposure assessment. Int. J. Food
Microbiol. 58: 203-212.

B. Objectives and Type of Study

1. purpose noted by study authors: scientific; to assess the effect of intra-species variability and uncertainty in
microbial growth parameters on the predicted final microbial density

2. type: EA
C. Publication Attributes 1. sponsors/affiliations: Laboratory of Microbial Parasitic Ecology, France; Groupe DANONE, France
2. peer-review mechanism: full scientific journal review
D. Data and Study Design 1. type: experimental data for microbial growth parameters for Bacillus cereus.
2. source: published literature; expert opinion
3. extent of data: NA
4. sampling plan: NA
5. sample size: NA
6. performance characteristics: NA
7. relevance: low
E. Method/Model/Approach 1. general characteristics: The study examines the results of varying the growth parameters and shelf-life
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conditions of Bacillus cereus in pasturized milk.

2. specific characteristics: distributions for variability or uncertainty for growth parameters, initial and maximum
level of contamination, and storage temperatures/duration were based on data from literature and expert opinion.
Simple logistic or Perl-Verlhurst model for primary growth (Baranyi and Roberts, 1994); square root type models
used to describe temperature effects, gamma model (Zweitering et al., 1996) and the CTMI model (Rosso et al.,
1993); 10,000 simulations using Latin Hypercube sampling.

3. assumptions: storage and transport scenarios were representative of actual conditions

4. limitations: temperature during transport from producer to purchase not considered; lag time for microbial
growth was not considered

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: intra-species variability on microbial growth parameters for B. cereus may
have great impact on accuracy of exposure assessment.

2. extrapolations: may also see similar results for Listeria monocytogenes

G. Data Gaps and Proposed
Solutions

1. data gaps: data for optimal and maximal growth temperature, and maximal density of microorganisms were not
adequate to fit statistical distribution shelf-life data (assumed BetaPERT distributions for these model
parameters)

. proposed solutions: NA

H. Weight of Evidence

. robustness of method: NA

. representativeness of data: low

. generalizability or external validity: NA

. soundness of study conclusions or internal validity: high
. defensibility: low

ga b~ WN PN

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

may be useful for contamination of storage facilities

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Duffy, S. and D.W. Schaffner DW. 2001. Modeling the survival of Escherichia coli O157:H7 in apple cider using
probability distribution functions for quantitative risk assessment. J. Food Protect. 64(5): 599-605.
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B. Objectives and Type of Study

1. purpose noted by study authors: scientific, future regulatory interest
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: New Jersey Agricultural Station
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: experimental data for E. coli O157:H7 growth under different conditions of storage temperature and
preservative use/type

2. source: published studies (Dingman, 1999, 2000; Garfand-Miller & Kaspar, 1994; Leyer et al., 1995; Roering et
al., 1999; Ryo & Beuchat, 1998; Semanchek & Golden, 1996; Zhao et al., 1993)

3. extent of data: adequate experimental studies from 8 separate articles examining growth and decline of E. coli
in apple cider storage conditions primarily varying temperature and preservative use/type across 9 different
strains of E. coli O157:H7

4. sampling plan: studies appear to be single-factor designs (one independent variable each)
5. sample size: NA

6. performance characteristics: considerable variation in study protocols (inconsistent parameters include
inoculum size, volume of cider, apple cultivar, bacterial strain, and enumeration media/frequency) and study
results; statistical methods are NA

7. relevance: medium

E. Method/Model/Approach

1. general characteristics: 1,000 iteration Monte Carlo simulations sampling from distribution functions generated
for each temperature and preservative condition as stated below

2. specific characteristics: logistic for cider held under ideal refrigeration and refrigeration abuse, logistic and
uniform for cider held at room temperature, beta for cider treated with sodium benzoate, normal for cider treated
with potassium sorbate, and gamma for cider treated with both sodium benzoate and potassium sorbate

3. assumptions: first-order kinetics for extrapolated change in E. coli concentration/day if enumeration was
completed less frequently than once per day in the studies, an inoculum size of 5 log CFU/mL is a representative
initial concentration of E. coli for simulations, competition from indigenous microbiota in cider was representative
in studies, handling of cider before testing was consistent among studies and indicative of farm-to-fork handling

4. limitations: published data points represent averages from the original studies so the potential range of the
original data is lost, no available technique to differentially weight raw data studies based on adherence to cider
mill-like experimental conditions, and highly variable study results were incorporated into the probability
distribution function (PDF) with this variation likely attributed to factors including: widely varying incubation
volumes of cider (up to 100-fold difference the stated lowest and highest volume), different apple cultivars and
enumeration media used (selective vs. recovery), and different strains of tested E. coli

5. relevance: medium

F. Study Conclusions and Extended

1. conclusions supported by the data: E. coli O157:H7 simulated concentrations in apple cider showed a general
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Applications

decline with time at any of the modeled temperature and preservative conditions, although variation in growth
rate increased with increasing temperature

. extrapolations: NA

G. Data Gaps and Proposed
Solutions

. data gaps: conflicting published results, study method/results non-generalized
. proposed solutions: standardized guidelines for conducting studies so results can be generalized

H. Weight of Evidence

. robustness of method: high

. representativeness of data: high

. generalizability or external validity: low

. soundness of study conclusions or internal validity: high
. defensibility: high

a b~ WONPREP[INPEPIDN

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

1. useful for threat scenarios involving E. coli O157:H7 contamination of consumable liquids similar in pH (~3-4)
and chemical content to apple cider

2. other comments by reviewer: growth might be unlikely in processing/distribution/consumption buildings with
adequate security, and authors acknowledges limitations of available data because of non-standard methods

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

FAO/WHO. 2002b. Risk assessments of Salmonella in eggs and broiler chickens. Food and Agriculture
Organization/World Health Organization.
http://www.who.int/foodsafety/publications/micro/salmonella/en/

B. Objectives and Type of Study

1. purpose: scientific and future regulatory interest; compile currently available information relevant to risk
assessment of Salmonella in eggs and broiler chickens; identify data gaps; develop example risk assessment
models; consider efficacy of some risk management interventions

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: FAO/WHO

2. peer-review mechanism: Technical Report initiated in 1999 and reviewed several times during preparation and
after completion through consultations and by an extensive list of selected reviewers and members of the public
during a public comment period

D. Data and Study Design

1. type: prevalence of the pathogen
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. source: international data collected during this risk assessment and published studies
. extent of data: NA

. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: low

E. Method/Model/Approach

PN O WDN

. general characteristics: Monte Carlo simulation model of hypothetical exposures to contaminated servings of
eggs and broilers modeled based on data and assumptions, including US model under revision

2. specific characteristics: “generic” risk assessment model “deliberately configured and parameterized NOT to
represent any one country; scenarios defined for baseline risk and undercooking for broilers

3. assumptions: contamination of hens and eggs occurs at constant frequency independent of host, bacterial
strain, and environmental, seasonal, regional, and demographic factors; flocks of hens and eggs are
homogeneous; contamination is random and independent of hen/egg age and other host, bacterial, or
environmental factors

4. limitations: influential parameters based on expert opinion or assumption unvalidated

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions: assumptions of storage times and temperatures are influential in modeling counts per serving

2. authors’ extrapolations: the general framework and analysis may be adapted to a country or region with
development and inclusion of country-specific data for model inputs

G. Data Gaps and Proposed
Solutions

1. data gaps: prevalence and levels of the pathogen from representative national surveys; preparation and
consumption patterns among consumers, including times and temperatures of storage; validation of predictive
microbiology models for growth and survival; biology of host-pathogen interaction for hens (and humans)

. proposed solutions: conduct targeted research; elicit expert opinion

H. Weight of Evidence

. robustness of method: NA

. representativeness of data: low

. generalizability or external validity: NA

. soundness of study conclusions or internal validity: high
5. defensibility: low

A WN PN

I. Criteria for Exclusion from
Compendium

generic model based on pooled data from multiple sources and countries of origin and assumptions may not
support rigorous science-based modeling; 2004 update of US work cited by authors in draft form (USDA/FSIS
1998) is more relevant for compendium review upon release anticipated in October

J. Reviewer Comments

NA
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K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

FAO/WHO. 2004. Risk assessment of Listeria monocytogenes in ready-to-eat foods. Food and Agriculture
Organization/World Health Organization.
http://www.who.int/foodsafety/publications/micro/mra_listeria/en/

B. Objectives and Type of Study

1. purpose: scientific and future regulatory interest; undertaken at request of the Codex Committee on Food
Hygiene for scientific advice as a basis for future development of guidelines.

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: FAO/WHO

2. peer-review mechanism: Technical Report reviewed several times during preparation and after completion
through consultations and by an extensive list of selected reviewers and members of the public during a public
comment period

D. Data and Study Design

1. type: prevalence data, limited concentration data for European commaodities, limited data for US and Canadian
consumption, microbial ecology in food

2. source: studies derived for other purposes that have been published in scientific literature, reports from
regulatory agencies, consumption surveys, outbreak investigations reports, and industry files.

. extent of data: NA

. sampling plan: NA

. sample size: NA

. performance characteristics: NA
. relevance: low

~N O O AW

E. Method/Model/Approach

1. general characteristics: four hypothetical EA models for L. monocytogenes in pasteurized milk, ice cream,
fermented meats, and cold-smoked fish; predictive modeling for growth, survival and inactivation of L.
monocytogenes in laboratory broth media and some foods.

2. specific characteristics: hypothetical scenarios developed using semi-quantitative and quantitative methods;
pooling data from multiple sources with and without weighting; growth modeled from retail to consumption using
models with positive bias, such that growth may be overestimated,;

3. assumptions: serving size and frequency of consumption by sub-population; distribution of the pathogen in
foods

4. limitations: sampling methodology and test protocols not considered before pooling data from multiple sources;
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consumption based on US and Canadian data; enumeration data based on European studies; contamination
data often not “recent, systematic, quantitative, or representative for different countries”

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions: outputs included distributions for the frequency of contaminated servings and the number of
servings per year by size of serving for four hypothetical models

. authors’ extrapolations: studies assumed representative of multiple countries, commodities

G. Data Gaps and Proposed
Solutions

. data gaps: specific data pertaining to consumption, prevalence, concentration
. proposed solutions: estimates based on scientific knowledge and predictive microbiology models

H. Weight of Evidence

. robustness of method: NA

. representativeness of data: low

. generalizability or external validity: NA

. soundness of study conclusions or internal validity: high
. defensibility: low

ga b WONPRFP[INMNEIDN

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

provides four hypothetical examples for different food products

K. Cross-References

same study in DR, RC; FDA/USDA, 2003 in EA, DR, RC

A. Exposure Assessment Study
Identification (Food)

Farber, J.M., W.H. Ross and J. Harwig. 1996. Health risk assessment of Listeria monocytogenes in Canada. Int.
J. Food Microbiol. 30(1-2): 145-156.

B. Objectives and Type of Study

1. purpose: scientific, regulatory; Major steps used in the formulation of a health risk management for L.
monocytogenes in foods are discussed.

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Health Canada, Food Directorate
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: experimental data for microbial growth for meats and dairy products; growth kinetic models employed
where possible
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. source: data from Agri-Food and Agriculture Canada; Disappearance data for cheese from Statistics Canada
. extent of data: Some data for bacterial growth, predictive modeling

. sampling plan: model design for growth under two temperature conditions

. sample size: NA

. performance characteristics: NA

. relevance: low

E. Method/Model/Approach

. general characteristics: growth kinetic model for two temperatures (4 deg C and 8 deg C)

. specific characteristics: growth model indicates that level of cells increase from 1 cell to about 10 ES5 in just
under 40 days at 4 deg C, while at 8 deg C, the same levels can be achieved in about 15 days.

3. assumptions: none reported
4. limitations: none reported
5. relevance: low

N FRPINO O WNDN

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: temperature abuse is partly responsible for the wide range of levels of L.
monocytogenes observed in food at the retail level.

2. authors’ extrapolations from the observed data to other populations or conditions: None reported

G. Data Gaps and Proposed
Solutions

1. data gaps: frequencies of L. monocytogenes levels in other foods; more data points and general relevance to
public threat of listeriosis

2. proposed solutions: gather more data for enumeration and growth kinetic models at various temperatures and
various food matrices.

H. Weight of Evidence

1. robustness of method: low

2. representativeness of data: low

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: low
5. defensibility: low

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

Useful for predicting growth curves of pure cultures of L. monocytogenes at 4 and 8 deg C in some matrices.

K. Cross-References

Farber J.M. et al, 1995 in DR, RC
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A. Exposure Assessment Study
Identification (Food)

FDA/USDA. 2003. Quantitative assessment of relative risk to public health from foodborne Listeria
monocytogenes among selected categories of ready-to-eat foods. http://www.foodsafety.gov/~dms/Imr2-toc.html

B. Objectives and Type of Study

1. purpose: future regulatory interest; to estimate exposure in 23 ready-to-eat food categories from presence and
levels of contamination, growth or decline during storage, and consumption amounts and frequency per year for
three US populations of concern

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: US Department of Health and Human Service, Food and Drug Administration’s Center for
Food Safety and Applied Nutrition (DHHS/FDA/CFSAN) in collaboration with US Department of Agriculture’s
Food Safety and Inspection Service (USDA/FSIS).

2. peer-review mechanism: Two reviews of previous drafts of the model and its underlying assumptions
conducted by the National Advisory Committee on Microbiological Criteria for Foods; draft risk assessment also
made available for public comment (6-month period)

D. Data and Study Design

1. type: numerous data sets including published scientific literature, food intake surveys, health statistics,
unpublished food product surveys acquired from state and federal public health officials and trade associations
and surveys specifically designed to augment the data available for the risk assessment.

2. source: published data and government and industry sources

3. extent of data: Numerous published and government epidemiological reports, two large food consumption
surveys, surveys for refrigeration storage times for frankfurters, and for the temperature of home refrigerators,
microbial growth data in culture broth/foods.

4. sampling plan: NA

5. sample size: large for many variables in the model; sparse for quantitation of the pathogen when present in
foods

6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: estimate levels and frequency of exposure for all 23 food categories at consumption,
including potential Listeria monocytogenes growth and inactivation due to cooking or reheating prior to
consumption.

2. specific characteristics: data available for foods representing the 23 food categories analyzed qualitatively and
guantitatively to provide an overall estimate of number of servings containing various levels of the pathogen;
relative rankings of likelihood of consuming a potentially contaminated serving computed; log normal distributions
used for levels of contamination.

3. assumptions: data from US and international outbreaks equally valid; results from a large number of a one or
two day survey interviews representative of annual consumption patterns; data for individual foods are
representative of the food categories as whole, ignoring potential seasonal, compositional, geographic and other
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factors.

4. limitations: the amounts and exact types of foods consumed often not directly measured; for example,
sandwich consumption modeled using proportion of the food of interest in a standard sandwich recipe; milk
servings not determined nor the state of the milk (raw or pasteurized). No demographic data was collected with
the food consumption data. Quantitative enumeration data for naturally contaminated foods are sparse. Data
were weighted for geographic and temporal relevance.

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions:
2. authors’ extrapolations: NA

G. Data Gaps and Proposed
Solutions

1. data gaps: no systematic quantitative surveys of US food supply exists for this pathogen; strain variability in
foods not well characterized, particularly regarding the fraction of Listeria spp. in foods expressing virulence
factors; ability to compare across all 23 food categories problematic for some poorly represented food categories;
growth models largely unvalidated

. proposed solutions: conduct systematic surveys and targeted research

H. Weight of Evidence

. robustness of method: NA

. representativeness of data: low

. generalizability or external validity: NA

. soundness of study conclusions or internal validity: high
. defensibility: low

g b WN PN

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

Interesting study begun in 1999 and completed after multiple rounds of peer review and public comment in 2003;
extensive and useful discussion of rationale for extrapolations and assumptions; large interest nationally and
internationally in pathogen, largely due to ubiquitous distribution, ecological niche and physiological advantage of
growth under refrigeration conditions; approach sensitive to the nuances of consumption and microbial growth as
they affect the final exposure; general approach for relative ranking well considered, potential for indirect
application to incident based risk assessment for biothreat agents

K. Cross-References

same study in DR, RC
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A. Exposure Assessment Study Hajmeer, M.N. and |.A. Basheer. 2003. A hybrid Bayesian-neural network approach for probabilistic modeling of
Identification (Food) bacterial growth/no-growth interface. Int. J. Food Microbiol. 82(3): 233-243.
B. Objectives and Type of Study 1. purpose noted by study authors: scientific
2. type: EA
C. Publication Attributes 1. sponsors/affiliations: University of California at Davis, California Department of Transportation

2. peer-review mechanism: scientific journal review

D. Data and Study Design 1. type: published data on Escherichia coli R31 growth in laboratory media
2. source: Salter et al., 2000

3. extent of data: n = 179 outcomes for growth/no growth related to explanatory variables (temperature, water
activity)

4. sampling plan: NA

5. sample size: NA

6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach 1. general characteristics: combination of artificial neural network and Bayesian statistics were used to predict
growth or no growth of E. coli given temperature and water activity as predictors

2. specific characteristics: artificial neural network and Parzen’s probability distribution function estimator were
used to calculate likelihood functions for growth/no growth; prior probabilities for growth/no growth were
estimated directly from data as the proportion of observed growth/no growth divided by sample size; posterior
probabilities were calculated using Bayes’ theorem

3. assumptions: NA
4. limitations: approach was based on data from one study; very limited validation of approach
5. relevance: low

F. Study Conclusions and Extended 1. conclusions supported by the data: approach described performed better than nonlinear logistic regression and
Applications linear logistic regression for the given data and the selected performance criteria - fraction of predictions that
were correct and false alarm rate (predicted growth when no growth was observed)

2. extrapolations: authors suggest the model could be added to a risk assessment model, and could be modified
for real time analysis (e.g., using monitoring data for operating parameters of a process), approach may be useful
to predict probability of growth of E. coli O157:H7 in food

G. Data Gaps and Proposed 1. data gaps: NA
Solutions 2. proposed solutions: NA
H. Weight of Evidence 1. robustness of method: low
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2. representativeness of data: low

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: high
5. defensibility: low

I. Criteria for Exclusion from NA
Compendium

J. Reviewer Comments NA
K. Cross-References NA

A. Exposure Assessment Study
Identification (Food)

Hald T., D. Vose, H.C. Wegener and T. Koupcev. 2004. A Bayesian approach to quantify the contribution of
animal-food sources to human salmonellosis. Risk Anal. 24(1): 255-269.

B. Objectives and Type of Study

1. purpose noted by study authors: regulatory
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Danish Institute of Food and Veterinary Research
2. peer-review mechanism: scientific journal review

D. Data and Study Design

1. type: Reported cases of human salmonellosis by sero and phage-type, prevalence of Salmonella sero- and
phage-types in livestock and poultry flocks, and amount of meat and poultry available for consumption

2. source: Reported cases of human salmonellosis by sero and phage-type, including information on how many
cases were preceded by traveling abroad or were determined to be part of an outbreak (Statens Serum Institute),
prevalence of Salmonella sero- and phage-types in meat and poultry flocks (Danish Veterinary and Food
Administration and Danish Institute of Food and Veterinary Research), and amount of meat and poultry available
for consumption (Danish Veterinary and Food Administration and Danish Institute of Food and Veterinary
Research)

3. extent of data: Data for Denmark in 1999.
4. sampling plan: NA

5. sample size: NA

6. performance characteristics: NA

7. relevance: low
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E. Method/Model/Approach

1. general characteristics: model developed to quantify the contribution of each major animal-food source to
reported human salmonellosis cases in Denmark

2. specific characteristics: Bayesian stochastic model estimating the contribution of each major animal-food
source to reported human salmonellosis cases

3. assumptions: A number of assumptions about the distribution of phage types within sero-types are made.
Phage type distributions are assumed to be different for travelers and non-travelers. They are estimated based
on phage-typed salmonellosis cases. Assumptions about the numbers of non-phage-typed cases that belong to
outbreaks are also made. The probability that a Salmonellosis case traveled prior to infection is different for each
phage-type. This quantity is estimated based on the Salmonellosis cases for which travel behavior was reported.
These assumptions are made to account for incomplete reporting on human Salmonellosis cases.

The basic model assumes that the expected number of human Salmonellosis cases by food source and phage-
and sero- type is proportional to 1) the amount of an animal source food available for consumption, 2) the
prevalence of that phage- and sero-type in the food source, 3) bacteria dependent factors for sero- and phage-
type, and 4) food source dependent factors. Bacteria and food source factors are assumed a priori to have
uniform distributions. Bacteria factors are assumed to be the same for all phage-types within a sero-type. The
lower endpoint of the uniform distributions were all set to zero. The upper endpoints were determined by trial and
error to be sufficiently wide such that the upper tails of marginal posterior distributions of these quantities were
not arbitrarily cut-off.

4. limitations: This type of model can result in highly multi-modal posterior values if there are not some
Salmonella sero- and phage-types that occur almost exclusively in only one animal food source, i.e., it could
appear that several vastly different attributions of Salmonellosis cases to food sources are highly likely. This
method requires intensive monitoring of human Salmonellosis cases and the presences of Salmonella bacteria in
animal food sources. Phage typing is not performed on all reported cases of human Salmonellosis, nor is
information on traveling prior to infection.

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: The quantitative statements (with associated uncertainty) produced by the
model developed are helpful to policy makers in assessing the relative risk from various food sources, which can
be used to direct national and international control programs aimed at reducing human Salmonellosis cases.

2. authors’ extrapolations: Being able to detect statistically significant changes over time in the animal-food
source of human Salmonellosis cases would assist policy makers in assessing the effectiveness of changes to
control programs.

G. Data Gaps and Proposed
Solutions

1. data gaps: Some of the uncertainty in the results is due to incomplete reporting of phage-type and prior travel
behavior of salmonellosis cases.

2. proposed solutions: The authors do not specifically propose a solution, as intensive data collection was
required to get the level of detailed data used in this study.

H. Weight of Evidence

1. robustness of method: low
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2. representativeness of data: low

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: high
5. defensibility: low

I. Criteria for Exclusion from NA
Compendium

J. Reviewer Comments NA
K. Cross-References NA

A. Exposure Assessment Study
Identification (Food)

Hope, B.K., A.R. Baker, E.D. Edel et al. 2002. An overview of the Salmonella enteritidis risk assessment for shell
eggs and egg products. Risk Anal. 22(2): 203-218.

B. Objectives and Type of Study

1. purpose noted by study authors: regulatory, future regulatory interest; to establish baseline risk of foodborne
illness from Salmonella enteritidis (SE), to identify and evaluate potential risk mitigation strategies, to identify data
gaps related to future research efforts

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: USDA, Food Safety and Inspection Service
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: data on ecology of SE in layer hens, shell eggs, human behavior in the US; data on when and how
rapidly SE grows in eggs; data on SE reduction from pasteurization of egg products

. source: published studies and government datasets
. extent of data: NA

. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: low

E. Method/Model/Approach

. general characteristics: model built of 5 separate modules in Excel spreadsheet to generate baseline results

. specific characteristics: Monte Carlo simulation performed with @Risk comprised 1,000 iterations; each
eration performed calculations with randomly selected values from each distribution within model using Latin
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Hypercube sampling
3. assumptions: prevalence in spent hens representative of commercial hens; no growth assumed for egg white

4. limitations: data limited or non-existent for many variables so distributions generally based on expert opinion;
contamination from obvious sources (food handlers, restaurant environment, etc.) not included; model does not
yet separate uncertainty from inherent variability of the system

5. relevance: low

F. Study Conclusions and Extended 1. conclusions supported by the data: baseline model estimates average production of 2.3 million SE-
Applications contaminated shell eggs/year of the estimated 69 billion produced/year; number of SE bacteria/egg ranges from
1-400, most containing <40; each SE-contaminated egg could contribute to average of 4.4 servings

2. extrapolation: NA

G. Data Gaps and Proposed 1. data gaps: epidemiology of SE on farms, bacteriology of SE in eggs, human behavior in food handling and
Solutions preparation, times and temperatures of egg storage

2. proposed solutions: more research in these areas is needed

H. Weight of Evidence 1. robustness of method: low
2. representativeness of data: low
3. generalizability or external validity: low
4. soundness of study conclusions or internal validity: low
5. defensibility: low
. Criteria for Exclusion from NA
Compendium
J. Reviewer Comments summary of draft risk assessment (1998) updated and expanded in 2003; revision unavailable for compendium
review as USDA is addressing peer review comments
K. Cross-References same study in RC
A. Exposure Assessment Study Lindgvist, R. and A. Westoo. 2000. Quantitative risk assessment for Listeria monocytogenes in smoked or gravad
Identification (Food) salmon and rainbow trout in Sweden. Int. J. Food Microbiol. 58(3): 181-196.
B. Objectives and Type of Study 1. purpose noted by study authors: Scientific; To develop a quantitative risk assessment model in which the
exposure and risk of acquiring listeriosis from consumption of package smoked or gravad salmon and rainbow
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trout were estimated.
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: National Food Administration, Uppsala, Sweden
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: Prevalence data and concentration data for L. monocytogenes in packaged smoked or gravad
salmon/rainbow trout based on surveys. Consumption(i.e., serving size) data for cold cuts and salmon.

2. source: Published studies for prevalence: Liva-Lab Stockholm (1993); Rohl (1996); Rohl (1995); SLV (1995);
Loncarevic et al. (1996) and Detmer and Blomgren (1995). Published studies for concentration: SLV (1995) and
Loncarevic et al. (1996). Consumption data from Nordisk Ministerrad Kobenhavn (1998) and SLV (1988).

3. extent of data: Prevalence and concentration data from 6 surveys. Based on these surveys, prevalence rates,
ranging between 0.039 to 0.229 were determined. For concentration data, two surveys with different detection
limits of 10 and 100 were used. The level in nondetects were assumed to be 1 and 10 cfu g™, respectively.
Concentrations ranged from <10 to 132,000; 1.5 % of positive samples were >10" cfu g'l. Consumption data
ranged from 50 g to 175 g based on servings for cold cut meats and specific salmon products.

4. sampling plan: not provided.

5. sample size: For the prevalence data, prevalence rates from the six surveys based on: 2 positives/51 samples;
3 positives/32 samples; 3 positives/29 samples; 17 positives/103 samples; 16 positives/94 samples; 8
positives/35 samples. Sample size for concentration data: a total of 33 samples were positive out of 197 samples
(all studies combined). Sample size for serving size not provided.

6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: Various distributions were assumed for the data.

2. specific characteristics: A cumulative distribution assuming a minimum and maximum prevalence of 1 and 25%
was derived and used for the study; for concentration, the data were described by a cumulative distribution
assuming minimum and maximum level of 1 and 10° cfu g™, respectively. For serving size, the distribution for
serving sizes was described by a modified triangular distribution based on parameters for minimum, maximum,
and most likely serving sizes and by estimates of the percentages of servings below the minimum and maximum
serving sizes.

3. assumptions: Concentrations of nondetects assumed to be 1 and 10 cfu g*. Assumed packaged salmon and
rainbow trout as one hazard whether gravad, cold- or hot-smoked. Assumed all food would be stored at
recommended temperature after purchase; however, proper storage conditions depend on consumer.

4. limitations: Concentration data limited by detection limits.
5. relevance: low

F. Study Conclusions and Extended

1. conclusions supported by the data: No conclusions warranted. Data served as input to the model.
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Applications

2. authors’ extrapolations from the observed data to other populations or conditions: None provided.

G. Data Gaps and Proposed
Solutions

1. data gaps: prevalence and concentration in specified fish products; consumption data; growth data; data on
times and temperatures of storage prior to consumption

2. proposed solutions: gather more data from national surveys

H. Weight of Evidence 1. robustness of method: low
2. representativeness of data: low
3. generalizability or external validity: low
4. soundness of study conclusions or internal validity: low
5. defensibility: low
. Criteria for Exclusion from NA
Compendium
J. Reviewer Comments NA

K. Cross-References

same study in DR, RC

A. Exposure Assessment Study
Identification (Food)

Marks, H. and M. Coleman. 1998. Estimating distributions of numbers of organisms in food products. J. Food
Protect. 61(11): 1535-1540.

B. Objectives and Type of Study

1. purpose: Future regulatory. Methods review for sampling and measurement error (fitting distributions of
organisms in food). Use in exposure models estimating distribution of organisms in food for microbial risk
assessments

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Prepared for the session Quantitative Microbial Risk Assessment sponsored by ILSI-N.A
and the National Food Producers Association, 84" session. Acknowledged US Department of Agriculture
(USDA), Food Safety Inspection Service (FSIS) and National Agricultural Library.

2. peer-review mechanism: scientific journal review

D. Data and Study Design

1. type: Differential equations presented to demonstrate the relationship between “true” values and observed or
measured values (Burmaster and Anserson, 1994; CDC, 1993; Cohrssen and Covello, 1989; Coleman and
Marks, 1998) ; microbial load in raw ground meat (USDA, 1996 refs for beef, chicken, and turkey); infectious
dose of Clostridium perfringens (Labbe, 1989)
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2. source: Published studies, Government databases

3. extent of data: Example 1 examines the regulatory objective to assure safety of cooked, ready-to-eat meats
produced with process deviations from good manufacturing practices. C. perfringens is used as the model food
pathogen for determining relative growth. Example 2: Discusses measurement error for Salmonella
concentrations determined via MPN for ground beef and poultry.

4. sampling plan: Example 1:random from a truncated subset of USDA data, from the gamma distribution
5. sample size: Example 1: large number of samples (452 plate counts)

6. performance characteristics: NA

7. relevance: high

E. Method/Model/Approach

1. general characteristics: Example 1: Method of moments (MOM) and maximum likelihood estimation MLE) used
to fit the gamma population distribution. Example 2: Binomial distribution

2. specific characteristics: Example 1: Poisson measurement distribution (direct plate counts); gamma distribution
(population distribution); Example 2: Differential equations used to express possibility of a positive sample and
probability of a negative sample for a perfect test. BestFit software used for analysis. Kolmogrov-Smirnov test
used as a criteria of selection to select the log normal distribution.

3. assumptions: Example 1: The initial density before cooling is low and gas forming anaerobes (GFA) serve as
an appropriate indicator for C. perfringens.

4. limitations: Sample descriptions limited for Example 2.

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions: plausible exposure assessment for pathogens in food requires accounting for measurement
variability of the test instrument and use of data analysis to estimate the underlying population distributions from
observed or measured distributions

2. authors’ extrapolations: Concentration of ingested pathogens might be used to predict when the system is
working correctly under HACCP plans or standard operating procedures, as long as measurement and sampling
error is accounted for. Apply the methods discussed to outbreak data in dose reconstruction modeling.

G. Data Gaps and Proposed
Solutions

1. data gaps: Example 1: Initial density of C. perfringens spores and negative cells before cooling is unknown.
The percentage of spores and vegetative cells in the total count, the percentage of spores that germinate after
cooking, and distribution in samples is unknown

2. proposed solutions: Example 1:Develop a series of conservative assumptions which require validation
(temporary solution)

H. Weight of Evidence

1. robustness of method: low

2. representativeness of data: high

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: high
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5. defensibility: low

I. Criteria for Exclusion from NA
Compendium
J. Reviewer Comments NA

K. Cross-References

Mentions a companion paper (Coleman and Marks, 1998)

A. Exposure Assessment Study
Identification (Food)

Marks, H.M., M.E. Coleman, C.-T. J. Lin and T. Roberts. 1998. Topics in microbial risk assessment: Dynamic
flow tree process. Risk Anal. 18(3): 309-328.

B. Objectives and Type of Study

1. purpose: scientific, future regulatory interest; a systematic approach to risk assessment, employing data
analysis for developing parsimonious models and accounts for variability and uncertainty of model inputs

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: USDA Food Safety and Inspection Service
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: experimental data for growth and decline of pathogen (E. coli); survey data for consumption data and
prevalence of pathogens in ground beef; outbreak investigation data for initial densities of pathogen

2. source: published studies and government datasets

3. extent of data: large databases for consumption and prevalence in ground beef; adequate experimental
studies for growth and decline of pathogen; sparse data for initial densities of pathogen in ground beef; no data
for dose-response of pathogen of interest in humans and inadequate dataset for pathogen of interest in animals
(rabbits); no data on frequency for scenarios of time/temperature incubation throughout production, distribution,
and food handling

4. sampling plan: factorial design for bacterial growth studies; 3-day food diary for CSFII; random and targeted
sampling for FSIS prevalence survey

5. sample size: 12,000 observations for consumption in CSFIl database (USDA Continuing Survey of Food Intake
by Individuals, 1989, 1991); 184 growth curves for pathogen in culture media (ARS Pathogen Modeling
Program); 38 ground beef patties for cooking study (Juneja et al., 1997); 9,821 ground beef samples in FSIS
database for prevalence (FSIS, www.fsis.usda.gov/OA/topics/0157.htm#3); 6 ground beef samples for initial
density (Johnson et al., 1995; Doyle personal communication, 1996)

6. performance characteristics: limited statistical results (mean or geometric mean and confidence limits for
prevalence in ground beef; Most Probable Number or MPN assuming perfect method for quantitation of pathogen
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in ground beef
7. relevance: high

E. Method/Model/Approach

1. general characteristics: various statistical procedures, including analysis of variance and seemingly unrelated
regression (SUR) with variance/covariance matrices to address variability and uncertainty; model for simple
stochastic birth process for growth of pathogen before and after cooking; discrete modeling of scenarios of
exposure for consumers of rare, medium, and well-done hamburgers for baseline, temperature abuse, and
intervention models; Monte Carlo simulation using distributions below

2. specific characteristics: Burr Type Xll for consumption of ground beef; beta for prevalence in ground beef;
log/t-(7df) for initial density of pathogen in ground beef; multivariate normal for expected relative growth of
pathogen in ground beef; normal for expected relative decline of pathogen in ground beef; negative binomial for
likelihood of growth

3. assumptions: available data for exposure assessment sufficiently representative for healthy adult consumers of
114-gram hamburger meals prepared outside the home to rare, medium, or well-done states; available data
insufficient to define explicitly farm-to-fork exposure assessment (growth and decline) for population of US
consumers

4. limitations: measurement error not accounted for, and therefore, the percent occurrence could be understated
and the magnitude and percentage of high densities could be overstated, resulting in biasing estimated risk

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: magnitude of differences in annual estimates of illness strongly influenced
by limitations of the data as evidenced by large differences between mean and median estimates; threshold of
only three pathogen cells surviving cooking associated with 1,000-fold lower annual iliness rate than non-
threshold model for consumers of hamburgers cooked at recommended temperature

2. authors’ extrapolations: the approach can be extended to the most general situation describing birth and death

together, and dropping the assumption of the lack of time dependence of the probabilities of birth or death within
an increment of time

G. Data Gaps and Proposed
Solutions

1. identification of data gaps: verification of binomial distribution for pathogen survival of cooking; test of
independence of survival, infectivity, and initial density per serving; continuous modeling of growth and decline
using thermal heat transfer equations; validation of predictive microbiology models in ground beef

2. proposed solutions: research in low exposure to foods that use thermal cooking step; better data needed for
pathogen occurrence and density

H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: high

3. generalizability or external validity: high

4. soundness of study conclusions or internal validity: high
5. defensibility: low
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I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

Useful for two bacterial threat agents as potential contaminants of food for building scenarios

K. Cross-References

same study in DR and RC; Cassins et al., 1998

A. Exposure Assessment Study
Identification (Food)

Mattick, K.L., F. Jorgensen, J.D. Legan, et al. 2000. Survival and filamentation of Salmonella enterica serovar
enteritidis PT4 and Salmonella enterica serovar typhimurium DT104 at low water activity. Appl. Environ.
Microbiol. 66: 1274-1279.

B. Objectives and Type of Study

1. purpose noted by study authors: scientific
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: the Food Microbiology Research Unit and the Environmental Microbiology Research
Group of the University of Exeter, United Kingdom, and Nabisco, Incorporated, New Jersey

2. peer-review mechanism: peer reviewed journal

D. Data and Study Design

1. type: data generated by authors to study the effects of water activity of the survival of Salmonella strains in
foods at different water activities.

2. source: laboratory data
3. extent of data: NA
4. sampling plan: NA

5. sample size: Number of treatments: temperature: 2 (21°C and 37C), water activity: 6 (0.86 to 0.95 a,;), bacterial
species: 2, growth phases: 2, medium types: 2

6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: the study evaluated the survival of Salmonella in different materials at different water
activities.

2. specific characteristics: the authors addressed different humectant’s effects on Salmonella survival, and
demonstrated long term survival under reduced available water conditions. The study also demonstrated a
physiological change in growth conditions under reduced available water, wherein the cells grew more
filamentously when under drier conditions. These conditions could result, upon hydration, in septation, followed
by an apparent increase in cell numbers.
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3. assumptions: NA

4. limitations: this study applies to growth conditions in the presence of materials that lower the abundance of free
water to the cells. These conditions are not expected to occur in drinking water or other conditions related to
human exposure other than food.

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: Survival of Salmonella species at low aw conditions (aw=0.92 to 0.98) can
result in filamentous growth. Owing to the ability of these cells to later divide (form septa) and form relatively high
populations quickly, this presents a potential health risk that needs to be further investigated in food related
industry.

2. extrapolations: NA

G. Data Gaps and Proposed 1. data gaps: NA

Solutions 2. proposed solutions: NA

H. Weight of Evidence 1. robustness of method: high
2. representativeness of data: low
3. generalizability or external validity: high
4. soundness of study conclusions or internal validity: high
5. defensibility: low

. Criteria for Exclusion from NA

Compendium

J. Reviewer Comments NA

K. Cross-References NA

A. Exposure Assessment Study
Identification (Food)

Nauta, M.J., E.G. Evers, K. Takumi and A.H. Havelaar. 2001. Risk assessment of Shiga-toxin producing
Escherichia coli O157 in steak tartare in the Netherlands. RIVM report 257851003.
http://www.rivm.nl/bibliotheek/rapporten/257851003.html

B. Objectives and Type of Study

1. purpose: scientific; future regulatory interest
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Directory Board of RIVM, Netherlands
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2. peer-review mechanism: NA

D. Data and Study Design

1. type: data from literature

2. source: published and unpublished studies; expert opinion from a workshop conducted on 30 Jan 2001 at
RIVM Bilthoven

3. extent of data: extensive sets of data from multiple sources on prevalence and concentration of Shiga-toxin
producing E. coli 0157 in cattle at the farm, slaughterhouse, and retail, food consumption in the Netherlands, and
food handling processes

4. sampling plan: NA

5. sample size: NA

6. performance characteristics: NA
7. relevance: high

E. Method/Model/Approach

1. general characteristics: Modular Process Risk Model (MPRM) in which transmission of the microorganism
along a food pathway is modeled by describing the changes in prevalence and number of microorganisms per
unit through consecutive modules simulating food handling (mixing, partitioning, removal, cross-contamination)
and microbial (growth, inactivation) processes

2. specific characteristics: model designed to estimate exposure to Shiga-toxin producing Escherichia coli 0157
in steak tartare in the Netherlands; the food pathway is modeled as a series of 9 steps starting with animals at the
farm and ending with consumption of steak tartare; although they occur throughout the entire pathway, growth
and inactivation are modeled only at three stages along the food pathway - during the time between carcass
halving and carcass trimming, during storage after tartare production, and during preparation of tartare patties -
due to lack of critical information (e.g., process time, temperature) for other stages of the pathway; model
parameters were estimated for two different types of slaughterhouses, two different types of butchers, three
different patty preparation styles (raw, medium, well done), and three different age classes of consumers; model
parameters estimated as distributions rather than point estimates to the extent possible; Monte Carlo simulations
(up to 50,000 iterations each) were run for the various exposure scenarios to derive distributions of expected
exposures

3. assumptions: animals, feces and contamination are all independent, i.e. the presence of a Shiga-toxin E. coli
0157-contaminated animal does not affect the probability of contamination of another one; the probability of
finding Shiga-toxin E. coli 0157 on meat destined for tartare is equal to the probability of finding it at a random
place on the carcass

4. limitations: unrealistic assumptions in some cases; data not always available for cattle in the Netherlands, so
extrapolations based on US studies were made to Dutch population in some cases; estimates are highly
uncertain as a consequence of lack of adequate data for many parts of the food pathway

5. relevance: high

F. Study Conclusions and Extended
Applications

1. conclusions: reasonable estimates of exposure to Shiga-toxin E. coli 0157 in steak tartare under different
exposure scenarios
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2. authors’ extrapolations: NA

G. Data Gaps and Proposed 1. data gaps: NA

Solutions 2. proposed solutions: NA

H. Weight of Evidence 1. robustness of method: low
2. representativeness of data: high
3. generalizability or external validity: low
4. soundness of study conclusions or internal validity: high
5. defensibility: low

. Criteria for Exclusion from NA

Compendium

J. Reviewer Comments NA

K. Cross-References

same study in DR and RC

A. Exposure Assessment Study
Identification (Food)

Nauta, M.J., S. Litman, G.C. Barker and F. Carlin. 2003. A retail and consumer phase model for exposure
assessment of Bacillus cereus. Int. J. Food Microbiol. 83(2): 205-218.

B. Objectives and Type of Study

1. purpose noted by study authors: scientific, future regulatory interest - To illustrate how the consumer part of
the food pathway may be modeled for an exposure assessment, to compare the exposure to psychrotrophic and
mesophilic strains of B. cereus, to show impact of post-industrial storage conditions on exposure, and to indicate
what type of data and additional research are needed for a quantitative microbiological risk assessment that
includes the consumer phase of the food pathway.

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Commission of the European Communities, Agriculture and Fisheries (FAIR) specific
RTD program.

2. peer-review mechanism: scientific review journal

D. Data and Study Design

1. type: describes a model of B. cereus in the retail and consumer phase of the food pathway of a specific
vegetable “refrigerated processed food of extended durability”(REPFEDs).

2. source: published studies, some government datasets are referenced
3. extent of data: distribution of mean temperatures, temperature profiles, exposure assessments
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4. sampling plan: factorial design - packages of vegetable puree
5. sample size: 600 packages

6. performance characteristics: NA

7. relevance: low

E. Method/Model/Approach

1. general characteristics: The model combines the food pathway characteristics with the basic models for
partitioning and growth. Two different strains were compared - psychrotrophic and a mesophilic strains at five
different temperatures. A batch of 600 packages were evaluated.

2. specific characteristics: Set up using the modular process risk model methodology; a stochastic model using
Monte Carlo simulations; exponential distribution and Gamma distribution was applied to the food pathway
assessment; Binomial distribution

3. assumptions: The storage time is implemented as 80% sold until 7 days before the use-by-date and the rest
sold in the last week before the use-by-date, both with a uniform distribution. Storage temperature was a uniform
4C, during transport 10C to 25C. That transport time is Gamma distributed. Exponential distribution is assumed
to describe the distribution of times that the products are kept in the refrigerator. It is assumed that consumer
behavior regarding storage time is influenced by the use-by-date on the package. Growth in the model food was
as similar as nutrient broth. The packages contain spores only and no vegetative cells are present. Spore
germination is assumed to take place when the minimum growth temperature as defined for the lag phase is
exceeded. It is assumed that a batch is contaminated with one B. cereus strain only.

4. limitations: Growth data from a psychrotrophic and a mesophilic strain in nutrient broth at a few constant
temperatures was applied to predict growth in real food, at varying temperatures, for a variety of strains.

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: The level of B. cereus at the end of industrial processing is a poor
Predictor for health risks. The assessment shows that a constant domestic temperature of 4C may not be
sufficient to prevent B. cereus to grow to a critical level. The B. cereus level at the end of industrial processing is
a bad predictor for the high levels at the moment the package is taken from the refrigerator by the consumer.

G. Data Gaps and Proposed
Solutions

1. data gaps: Refer to the list of assumptions (section E. 3).
. proposed solutions: NA

H. Weight of Evidence

. robustness of method: NA

. representativeness of data: low

. generalizability or external validity: low

. soundness of study conclusions or internal validity: high
. defensibility: low

g b~ WN PPN

I. Criteria for Exclusion from
Compendium

NA
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J. Reviewer Comments

NA

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Notermans, S., J. Dufrenne, P. Teunis, et al. 1997. A risk assessment study of Bacillus cereus present in
pasturized milk. Food Microbiology 14: 143-151.

B. Objectives and Type of Study

1. purpose: scientific, future regulatory - risk assessment of Bacillus cereus present in pasturized milk.
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: National Institute of Public Health and the Environment
2. peer-review mechanism: scientific journal review

D. Data and Study Design

1. type: Human exposure, storage tests and survey on the storage conditions of pasturized milk in the household
in the Netherlands.

2. source: Regional Inspectorate for Health Protection in Leeuwarden datasets and published journals

3. extent of data: Every two weeks, from March 1995 until February 1996, two packages of freshly pasturized
milk were obtained from six different milk-processing plants in The Netherlands.

4. sampling plan: information regarding the storage conditions (time and temperature) of pasturized milk was
obtained from households to establish the probability of exposure to contaminated milk (n=25); pooled samples
of milk (n=38) stored under controlled conditions analyzed by MPN.

5. sample size: 38 mixed samples, six to seven samples from each processing plant, were used in the storage
tests; 125 refrigerators surveyed

6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: deterministic model for likelihood of milk containing >10° pathogens/mL

2. specific characteristics: Initial counts were multiplied by fraction containing >10° MPN/mL and the probability
for growth under given storage conditions

3. assumptions: In the calculations, storage times and temperature were considered to be independent.
4. limitations: NA
5. relevance: medium

F. Study Conclusions and Extended

1. conclusions supported by the data: The study revealed that day-old pasteurized milk contained about 10 B.
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Applications

cereus organisms per 100mL and that all 38 samples of each of the two 11 packages contained B. cereus. At
each of the incubation temperatures, the number of B. cereus increased during the storage period. At the time of
consumption approximately 7% of the portions of pasteurized milk consumed contained >10° cfu B. cereus mL™.

2. authors’ extrapolations from the observed data to other populations or conditions: B. cereus present in milk
may cause harm to the consumer. In the calculations, storage times and storage temperatures were considered
to be independent, which is not true. Results obtained revealed that although B. cereus can cause foodborne
illness, no clear results are available to estimate a does-response relationship. Safety criteria have been set;
these vary from 10*-10°g™ of a food product. Calculations demonstrate that 11% of the portions of milk consumed
in The Netherlands contains >10* B. cereus mL™, while 7% of the portions contain >10°> mL™. The expiry date of
pasteurized milk produced in the Netherlands can be set at 7 days based on a storage temperature of 7 °C.

G. Data Gaps and Proposed
Solutions

. data gaps: dose-response relationships
. proposed solutions: NA

H. Weight of Evidence

. robustness of method: low

. representativeness of data: low

. generalizability or external validity: low

. soundness of study conclusions or internal validity: low
. defensibility: low

a b~ WNPRFEP[IN P

I. Criteria for Exclusion from
Compendium

None

J. Reviewer Comments

Authors noted lack of coherence of various sources of dose-response data (Landeveld et al. 1996; Dack et al.
1954; Kramer and Gilbert 1989; Hague 1995; Nikodemusz 1967). Considering a risk management criteria of
10°/mL, the authors estimate that 7% of servings in The Netherlands might exceed the criterion. No formal risk
characterization was conducted.

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Notermans, S., J. Dufrenne, P. Teunis and T. Chackraborty. 1998. Studies on the risk assessment of Listeria
monocytogenes. J. Food Protect. 61(2): 244-248.

B. Objectives and Type of Study

1. purpose: noted by study authors: scientific and future regulatory interest
2. type: EA
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C. Publication Attributes

1. sponsors/affiliations: Nutrition and Food Research Institute, The Netherlands
2. peer-review mechanism: scientific journal review

D. Data and Study Design

1. type: Data establishing the human exposure rate, testing the virulence of Listeria strains, anddeterminations of
infective dose and lethal dose for mice.

2. source: published studies (Teufel and Bendzulla)

3. extent of data: Estimations of the human exposure rate using test results from food products, 22 strains of
Listeria were tested for virulence on groups of 4 mice, groups of 10 mice were used for testing the infective and
lethal dose.

4. sampling plan: factorial design
5. sample size: Test results for 7,063 food products used for exposure

6. performance characteristics: Dose-response curves and exponential dose-response relations were fitted by
maximum likelihood estimations.

7. relevance: low

E. Method/Model/Approach

1. general characteristics: deterministic model for frequency of exposures to pathogen at 4 levels in 4 food
products in The Netherlands

2. specific characteristics: levels of pathogen in 4 food products multiplied by frequency of consumption at 4
levels

3. assumptions: portions of 100g of the product were consumed.
4. limitations: NA
5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: average yearly exposure to 3 l0g19, 5 10910, and >6 log;, amount of L.
monocytogenes occurs 19.3, 3.8, and 0.8 times, respectively

G. Data Gaps and Proposed
Solutions

NA

H. Weight of Evidence

1. robustness of method: low

2. representativeness of data: low

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: low
5. defensibility: low

I. Criteria for Exclusion from NA
Compendium
J. Reviewer Comments NA
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K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Panisello, P.J. and P.C. Quantick. 1998. Application of food MicroModel predictive software in the development
of Hazard Analysis Critical Control Point (HACCP) systems. Food Microbiol. 15(4): 425-439.

B. Objectives and Type of Study

1. purpose: scientific and future regulatory interest; This paper describes the role of Food Micromodel (FMM) as a
supporting instrument in the Hazard Analysis Critical Control Point (HACCP), using paté as an example.

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Food Research Centre (FRC) at Lincoln University
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: microbial surveys on the quality of paté and other related products; extensive predictive microbiology
studies described by microbial growth curves in (FMM) included Salmonella spp., A. hydrophila, L.
monocytogenes, Y. enterocolitica, C. botulinum, S. aureus, E. coli, and C. jejuni.

2. source: literature sources, including communicable disease reports published by the Public Health Laboratory
Service; growth data generated through FRC

3. extent of data: NA.

. sampling plan: NA

. sample size: NA

. performance characteristics: NA
. relevance: some high

~N o o A~

E. Method/Model/Approach

1. general characteristics: used FMM software (version 2.52) to predict no growth or growth rates, lag phases,
and log colony-forming units obtained after 7 days across pH levels for each of the 8 pathogens at constant
temperature in refrigeration range

2. specific characteristics: Four zones classified based on growth/no growth as related to pH level: 1) safe zone -
no growth predicted; 2) caution zone - growth recorded, but lag phase exceeds the shelf life of product; 3) danger
zone - growth recorded, but the lag phase does not exceed shelf life of the product; and 4) critical zone - bacteria
grow at maximum rate.

3. assumptions: NA
4. limitations: NA
5. relevance: low
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F. Study Conclusions and Extended
Applications

1. conclusions: likelihood of growth was predicted for pH zones for paté using FMM software for 8 pathogens

2. authors’ extrapolations: FMM supporting tool based on predictive microbiology for food safety research,
industry practices, and decision making

G. Data Gaps and Proposed
Solutions

NA

H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: some high

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: high
5. defensibility: low

I. Criteria for Exclusion from
Compendium

This study primarily reported growth under limited conditions without modeling of likely fate and transport to
consumption or adverse effects.

J. Reviewer Comments

NA

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Pouillot, R., I. Albert, M. Cornu, et al. 2003. Estimation of uncertainty and variability in bacterial growth using
Bayesian inference application to Listeria monocytogenes. Int. J. Food Microbiol. 81(2): 87-104.

B. Objectives and Type of Study

1. purpose noted by study authors: scientific; describe a method for estimating the parameters of microbial
growth models that evaluates variability and uncertainty separately

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Agence Francaise de Securite des Alimenis; Institut National de la Recherche
Agronomique; CNRS-INSERM-MiRe

2. peer-review mechanism: scientific journal review

D. Data and Study Design

1. type: data obtained from literature, not specific as to type of study design
2. source: published studies (12 sources)

3. extent of data: growth curve data obtained from 12 studies

4. sampling plan: NA
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5. sample size: total of 124 growth curves for 22 strains of L. monocytogenes (although authors indicate that the
same strains were treated as different strains if the growth curves were obtained from different papers)

6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: predictive microbiology using Bayesian approach and Markov Chain Monte Carlo
(MCMC) method to calculate posterior distributions for the logarithm of the concentration of L. monocytogenes,
and the following model parameters: the logarithm of the maximum achievable concentration of L.
monocytogenes, lag time parameter (K), optimal growth rate, minimum temperature at which growth occurred
(Tmin), maximum temperature at which growth occurred (Tnax), and optimal growth temperature (Top)

2. specific characteristics: estimates for the means of (normal) prior distributions were taken from Augustin and
Carlier, 2000 (Mathematical modeling of the growth rate and lag time for Listeria monocytogenes. International
Journal of Food Microbiology 57: 169-181.), which were based on regression analysis of data obtained from
literature review of all published growth curves for L. monocytogenes; values for the standard deviations of these
distributions were selected based on expert judgment (Smith et al., 1995. Bayesian approaches to random-
effects meta-analysis: a comparative study. Statistics in Medicine 14, 2685-2699.), such that the prior
distributions varied within a wide range of values; parameter values for the prior distributions for the standard
deviation of model errors were assigned according to Spiegelhalter et al. (1996); following an ‘adaption phase’ of
50,000 iterations, convergence of the MCMC algorithm was determined by visual inspection and Gelman and
Rubin convergence statistics for three independent MCMC chains; inferences were based on the 20,000
iterations that followed the adaption phase for each of the three chains (i.e., inference was based on 60,000
model iterations, or outputs); parametric distributions were fitted to the MCMC output using maximum likelihood
to estimate the parameters, and the Anderson-Darling statistic to select the best distribution

3. assumptions: growth kinetics are same in skimmed and whole milk; temperature is the only parameter that
influences growth; lag time is proportional to generation time; maximum achievable concentration of microbes is
constant for a given culture medium; optimal growth rate is constant for a given strain and medium; variability in
the stochastic model parameters are modeled with normal distributions; uncertainty in the means of the
distributions modeling variability are assumed to follow normal distributions, while uncertainty in the standard
deviations of the distributions modeling variability are assumed to follow gamma distributions

4. limitations: because the authors considered growth curves for the same strain of L. monocytogenes from
different laboratories as different strains, the laboratory, physiological and strain effects are confounded in this
study; within-strain variability is not considered for the optimal growth rate, Tmin, Top: aNd Trmax growth rate
temperatures; sensitivity analysis for model inputs was not performed; model uncertainty was not evaluated

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: inter-strain variability for T, and K is high; posterior mean for K is much
lower than prior estimates from literature (authors suggest this finding is preliminary)

2. extrapolations: posterior distributions for microbial growth that are developed using the approach proposed by
the authors could be used in microbial risk assessment to model variability and uncertainty (separately) in a
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‘second-order’ or ‘2-D’ Monte-Carlo simulation approach

G. Data Gaps and Proposed
Solutions

. data gaps: data for estimating strain variability
. proposed solutions: generate targeted data

H. Weight of Evidence

. robustness of method: low

. representativeness of data: low

. generalizability or external validity: low

. soundness of study conclusions or internal validity: high
. defensibility: low
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I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

as described in the paper, the method could be prohibitively data intensive, requiring distributions for many
parameters; a well-designed sensitivity analysis could indicate some parameters that do not have a significant
effect on the output distributions, which could then lead to a simplified, and more feasible model with respect to
data needs; sensitivity analysis could also be used to prioritize research needs

K. Cross-References

Marks et al., 1998

A. Exposure Assessment Study
Identification (Food)

Reinders, R.D., R. De Jonge and E.G. Evers. 2003. A statistical method to determine whether micro-organisms
are randomly distributed in a food matrix, applied to coliforms and Escherichia coli O157 in minced beef. Food
Microbiol. 20(3): 297-303.

B. Objectives and Type of Study

1. purpose noted by study authors: development of new scientific methodology, with possible future regulatory
application

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: National Institute for Public Health and the Environment, Netherlands; Utrecht University,
Netherlands

2. peer-review mechanism: scientific journal review

D. Data and Study Design

1. type: experimental data for endogenous coliforms and E. coli 0157
2. source: this study
3. extent of data: measured endogenous coliforms before and after grinding and spiked E. coli 0157 after
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grinding once or twice
4. sampling plan: NA

5. sample size: coliforms: n=25 and 75 before and after grinding, respectively; E. coli, n=50 (after grinding) for
two levels of clustering, for a total of n=100 observations

6. performance characteristics: NA; authors report that preliminary work indicates experimental error is minimal
(Reinders et al. 2002. Variations in the numbers of Shiga toxin-producing E. coli 0157 in minced beef. Report No.
149106.009, National Institute for Public Health and Environment, Bilthoven, The Netherlands.)

7. relevance: high

E. Method/Model/Approach

1. general characteristics: a Poisson model with mean varying according to a gamma distribution is proposed to
describe the distribution of coliforms and E. coli 0157 in beef, before and after grinding

2. specific characteristics: parameter estimation by maximum likelihood; goodness-of-fit of fitted distribution to
EDF was determined by the Kolmogorov-Smirnov statistic; likelihood-ratio tests were used to compare the fit of
Poisson and Poisson(Gamma) distributions to the data (Ho: Poisson mean is constant; H;: Poisson mean is
Gamma distributed), and to test the null hypothesis that the microorganisms were not clustered in space (i.e., the
Poisson mean was constant)

3. assumptions: experimental error was a negligible part of total observed variability in micro-organism counts

4. limitations: experiments were carried out in laboratory scale grinders - the extent to which contaminated food
from local sources are distributed throughout the food material may vary between grinder designs

5. relevance: high

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: local contamination of beef with coliforms and E. coli can be effectively
disseminated by grinding; clustering of coliforms and E. coli in beef can be detected by comparing a Poisson
distribution with constant mean to a Poisson distribution with Gamma mean, using a likelihood ratio test; the
distribution of coliforms and E. coli in beef can be adequately described by a Poisson distribution with constant
mean when clustering is not present, and with a Poisson with Gamma mean, or a lognormal distribution, when
clustering is present; an advantage of the Poisson(Gamma) distribution is that it describes the extent of
clustering, whereas the lognormal model cannot

2. extrapolations: the described approach could be used in the microbial risk assessment of a food chain when
the distribution of micro-organisms are important (authors cite Nauta et al. 2001. http://www.rivm.nl as an
example)

G. Data Gaps and Proposed
Solutions

1. data gaps: effect of grinder on dissemination rate; proportion of total variance attributable to experimental error
should be checked for laboratory method/food matrix combinations

2. proposed solutions: NA

H. Weight of Evidence

1. robustness of method: low
2. representativeness of data: high
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3. generalizability or external validity: low
4. soundness of study conclusions or internal validity: high
5. defensibility: high

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

expect food contamination scenarios require non-homogenous assumptions about distributions, means
insufficient, particularly for growth scenarios where effects of clustering more influential

K. Cross-References

Reinders et al., 2002; Reinders et al., 2002; Nauta et al., 2001

A. Exposure Assessment Study
Identification (Food)

Ross, T., P. Dalgaard and S. Tienungoon. 2000. Predictive modeling of the growth and survival of Listeria in
fishery products. Int. J. Food Microbiol. 62(3): 231-245.

B. Objectives and Type of Study

1. purpose noted by study authors: scientific; Identification of experimental procedures and predictive models that
precisely identify the growth and survival of Listeria in fishery products.

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: University of Tasmania, Australia; Danish Institute for Fisheries Research; Ministry of
Public Health, Bancock, Thailand

2. peer-review mechanism: full scientific peer review

D. Data and Study Design

. type: experimental data for microbial growth and survival under various conditions
. source: published literature studies

. extent of data: large data sets

. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: low

E. Method/Model/Approach

PN O O WODN P

. general characteristics: Sources of data and models relevant to assessment of the human health risk of L.
monocytogenes in seafoods are identified.

2. specific characteristics: The integration of models for microbial growth, growth limits or inactivation into models
that can predict increases or decreases in microbial populations are considered. The specific conditions, e.g.
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temperature, pH, water activity, atmosphere, smoke components, interaction of abiotic factors are identified from
experimental data and integrated into a predictive modeling equation.

3. assumptions: times and temperatures of storage
4. limitations: NA
5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: The integration of models for microbial growth, growth limits or inactivation
into models that can predict both increases or decreases in microbial populations over time will also improve the
utility of predictive models for exposure assessment.

2. authors’ extrapolations from the observed data to other populations or conditions: None reported

G. Data Gaps and Proposed
Solutions

NA

H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: low

3. generalizability or external validity: high

4. soundness of study conclusions or internal validity: high
5. defensibility: high

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

Lag times are less reliably predicted than generation times. Modeling and experimental results are not indicative
of the growth of other organisms on the product (called Jameson effect), and the effect of such growth on the
organism of concern. The softwares currently available do not consider the effect of factors which may contribute
to the Jameson effect.

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Food)

Sanaa, M., L. Coroller and O. Cerf. 2004. Risk assessment of listeriosis linked to the consumption of two soft
cheeses made from raw milk: Camembert of Normandy and Brie of Meaux. Risk Anal. 24(2): 389-399.

B. Objectives and Type of Study

1. purpose noted by study authors: scientific, future regulatory; to report an improved and more contemporary risk
assessment based on data collected in the years 2000-2001.
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2. type: EA

C. Publication Attributes

1. sponsors/affiliations: CNIEL, French National Interprofessional Centre of the Dairy Economy
2. peer-review mechanism: full scientific journal review

D. Data and Study Design

1. type: data for organism growth in milk (Augustin, 2000), experimental data for organism growth in soft cheese
(Back, et al. 1993; Maisnier-Patin, et al. 1992; Ryser and Marth, 1987)

2. source: published studies
3. extent of data: NA
4. sampling plan: NA

5. sample size: milk collections from 347 farms for Camembert production and 79 farms for Brie production (total
volume collected represents twice the volume needed for production); organism testing performed on 50 mL
samples from tanker trucks and 25 mL samples from farm bulk tanks

6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: 100,000 iteration Monte Carlo simulation using SAS system for Windows V8 and @
Risk

2. specific characteristics: beta function to model intra-month variability in L. monocytogenes concentration of raw
milk, triangular for number of bulk tanks collected per day - used in Poisson distribution to calculate L.
monocytogenes concentration in tanker milk, normal distribution for volume variability in bulk tanks, growth
simulated with modified logistic model, effect of temperature-pH on exponential growth rate calculated using
cardinal model, dose-response relationship by Poisson distribution of number of expected listeriosis cases per
10e8 servings.

3. assumptions: cell progeny do not spread within the solid cheese matrix as they would in liquid broth, basic
hygiene rules are followed along the whole chain.

4. limitations: lack of robustness in some data created data gaps in the analysis
5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: 99% of iterations yielded serving with less than 100 cfu/serving (3.7 cfu/g),
and 0.03-0.22% fo serving yielded >1,00 cfu

2. extrapolations: NA

G. Data Gaps and Proposed
Solutions

1. data gaps: model does not consider organism inactivation by competition for nutrients, bacteriocins, etc.; does
not account for water activity influence; does not take into account withdrawal of L. monocytogenes positive lots
of cheese before release; does not take into account possible contamination or cross-contamination during
cheese production and distribution; validity of distribution used for growth delay in raw milk cheese not confirmed.

2. proposed solutions: improve model such that microbial inhibitor interactions, water activity influence, and
positive lot withdrawal are accounted for; generate more data to confirm validity of growth delay distribution.
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H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: low

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: high
5. defensibility: low

I. Criteria for Exclusion from NA
Compendium
J. Reviewer Comments NA

K. Cross-References

same study in RC

A. Exposure Assessment Study
Identification (Food)

Strachan N.J., G.M. Dunn and I.D. Ogden. 2002. Quantitative risk assessment of human infection from
Escherichia coli O157 associated with recreational use of animal pasture. Int. J. Food Microbiol. 75: 39-51.

B. Objectives and Type of Study

1. purpose: Scientific/Regulatory; use risk assessment to determine the probability of E. coli O157:H7 infection
following visiting an area grazed by infected livestock

2. type of study: EA

C. Publication Attributes

1. sponsors/affiliations: Department of Plant and Soil Science, School of Physics, and Applied Food Microbiology
Group (University of Aberdeen)

2. peer-review mechanism: peer-reviewed journal

D. Data and Study Design

1. type: data from published studies

2. source: Zhao et al. (1995), Shere et al. (1998), and others3. extent of data: EA data included prevalence (% of
cattle infected), concentration of E. coli in cattle feces, and fate of E. coli in the pasture (build-up and decay).

4. sampling plan: NA

5. sample size: NA.

6. performance characteristics: NA
7. relevance: medium

E. Method/Model/Approach

1. general characteristics: this study used a Monte Carlo method to try to develop a means to estimate the
exposure

2. specific characteristics: Model variables included the probability of infection based on the percentage of
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infected cattle, the number of organisms shed in the feces, the length of time the cattle grazed on the field, the
length of time that the cattle had been removed from the field prior to being visited, and the length of stay of the
visitors. Additional model parameters included the amounts of soil ingested, bulk soil density, and number of
people visiting the field.

3. assumptions: NA
4. limitations: one set of data used, and these data were not considered fully representative.
5. relevance: medium

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: Monte Carlo analysis suggests that a 3 week period of non-livestock use
occur in any pasture that is expected to be visited by the general population. Removal of feces from the field may
also reduce the likelihood of exposures.

2. extrapolations: NA

G. Data Gaps and Proposed
Solutions

1. data gaps: All results are based on data for 31 cattle. Results are also based on experiments done on cattle in
the US, whereas shedding of E. coli 0157 by cattle in the United Kingdom and in Scotland were shown to be
different (higher) than these observations.

2. proposed solutions: NA

H. Weight of Evidence

. robustness of method: low

. representativeness of data: high

. generalizability or external validity: low

. soundness of study conclusions or internal validity: high
. defensibility: low
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|. Criteria for Exclusion from
Compendium

Only 31 test animals were used as the basis of the modeling approach executed, and the data were from cattle
raised in the United States, not the United Kingdom. The authors noted significant differences have been
observed in the microbial loadings of the two countries. The parameters of the modeling were only described
briefly, and no explicit model statements were provided. No goodness-of-fit types of analyses were conducted to
evaluate this model’s strengths against others. No transport processes were mentioned, and fate data and
predictions were simplistic

J. Reviewer Comments

in appropriate method for incidence based risk assessment for buildings or water systems

K. Cross-References

NA
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A. Exposure Assessment Study USDA/FSIS. 2003. Risk assessment for Listeria monocytogenes in deli meats. US Department of

Identification (Food) Agriculture/Food Safety and Inspection Service. www.fsis.usda.gov/OPPDE/rdad/FRPubs/97-
013F/ListeriaReport.pdf

B. Objectives and Type of Study 1. purpose: regulatory; to evaluate hypothetical mitigations for contaminated ready-to-eat (RTE) meat
2. type: EA

C. Publication Attributes 1. sponsors/affiliations: USDA, FSIS

2. peer-review mechanism: report mentioned public comment period, but no peer review process

D. Data and Study Design 1. type: retail survey data from National Food Processors Association; experimental results from studies on
duration of contamination event, transfer of organisms from food contact surface (FCS) to food, conversion of
FCS Listeria spp. concentrations to food surface L. monocytogenes concentrations

2. source: published scientific studies, government survey, government datasets
. extent of data: NA

. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: low
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E. Method/Model/Approach . general characteristics: Monte Carlo simulation in-plant dynamics linked to FDA/USDA retail-to-table exposure

assessment
2. specific characteristics: theoretical mass balance approach for in-plant model

3. assumptions: Listeria spp. are evenly distributed across FCSs, and L. monocytogenes are evenly distributed
within a lot of product; foods encompassed by the food categories account for all cases of foodborne listeriosis; a
Listeria reservoir exists in the plant and is capable of contaminating FCSs.

4. limitations: model only considers FCS as source of contamination in product; only a generic FCS is modeled;
variability across FCS or within a lot is not accounted for in model

5. relevance: low

F. Study Conclusions and Extended 1. conclusions: proposed minimal frequency of testing and sanitation of FCSs estimated to result in a small
Applications reduction in L. monocytogenes on deli meats at retail

2. authors’ extrapolations: model may also be extended to frankfurters

G. Data Gaps and Proposed 1. data gaps: amount of Listeria spp. on FCS during contamination event; ratio of concentrations of L.
Solutions monocytogenes to Listeria spp.; enumeration data for positives to verify theoretical in-plant dynamics

2. proposed solutions: generate data for model calibration and validation

H. Weight of Evidence 1. robustness of method: NA
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2. representativeness of data: low

3. generalizability or external validity: NA

4. soundness of study conclusions or internal validity: high
5. defensibility: low

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

data used to calibrate model unavailable for independent model validation

K. Cross-References

same study in RC; FDA/USDA, 2003

A. Exposure Assessment Study
Identification (Food)

van Gerwen, S.J.C. and Zwietering, M.H. 1998. Growth and inactivation models to be used in quantitative risk
assessments. J. Food Protect. 61: 1541-1549.

B. Objectives and Type of Study

1. purpose: noted by study authors: scientific; A discussion of the growth and inactivation models that can be
used in a step wise procedure for quantitative risk assessment is presented.

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Wageningen Agricultural University, Dept of Food Technology and Nutritional Sciences,
The Netherlands

2. peer-review mechanism: Full scientific peer review

D. Data and Study Design

1. type: experimental data and several modeling studies for growth and inactivation of B. cereus in potatoes
2. source: published data
3. extent of data: large data sets for bacterial growth

4. sampling plan: factorial design for growth studies under various process steps, temperature and using various
models

5. sample size: NA
6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: Several primary and secondary growth and inactivation models presented for
guantitative risk assessment for growth and inactivation of B. cereus in vacuum packed cooked potatoes

2. specific characteristics: Growth mostly occurred in the last stage of production process, i.e. storage and during
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cooling after pasteurization. Lag exponential models used to predict growth of B. cereus. Specific growth rates
and lag time were estimated by the gamma and polynomial models

3. assumptions: simple primary and secondary growth models are just as accurate as more complex ones
4. limitations: only primary and secondary growth models applied
5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: growth and inactivation models can be used in a step-wise procedure for
guantitative risk assessment

2. authors’ extrapolations: NA

G. Data Gaps and Proposed
Solutions

NA

H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: low

3. generalizability or external validity: high

4. soundness of study conclusions or internal validity: high
5. defensibility: low

I. Criteria for Exclusion from NA
Compendium

J. Reviewer Comments NA
K. Cross-References NA

A. Exposure Assessment Study
Identification (Food)

Van Impe, J.F., B.M. Nicolai, M. Schellekens, et al. 1995. Predictive microbiology in a dynamic environment: a
system theory approach. Int. J. Food Microbiol. 25(3): 227-249.

B. Objectives and Type of Study

1. purpose noted by study authors: to introduce system theory approach in predictive microbiology
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Food Linked Agro-Industrial Research project of the European Commission; Katholieke
Universiteit, Belgium; Universiteisrestaurants ALMA, Belgium

2. peer-review mechanism: scientific journal review
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D. Data and Study Design

1. type: literature data for Brochothrix thermosphacta and Laxtobacillus plantarum
2. source: published studies (Nicolai et al., 1995; Zwietering et al., 1991; Van Impe et al., 1995)

3. extent of data: details for Brochothirx thermosphacta provided in Nicolai et al., 1995 (authors indicate a large
set of growth curves at constant and fluctuating temperatures, and survivor curves at constant temperatures were
used to validate the model, as described in Nicolai et al., 1995); details for Laxtobacillus plantarum are reported
in Van Impe et al. (1995; under preparation at the time that the subject paper was published)

4. sampling plan: NA

5. sample size: NA

6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: development of a dynamic model for bacterial growth that simulates the growth-death
cycle of bacteria in chilled prepared food

2. specific characteristics: modified Gompertz equation is used to model growth rate (Zwietering, et al., 1990); the
growth-temperature relationship was modeled using a modified version of Ratkowsky’s model (Ratkowsky et al.,
1982, 1983; Zwietering et al., 1991); asymptote (of the growth curve)-temperature model is an exponential
function of the difference between the temperature and the maximum temperature at which growth is observed,
and two parameters (authors do not provide a rationale for this model); the lag time-temperature relationship is
modeled with a hyperbolic equation suggested by Zwietering et al. (1990); the preceding equations, which are
appropriate for predicting bacterial growth rate at constant temperature, were combined mathematically, and then
differentiated with respect to time and subsequently modified to allow modeling inactivation by allowing
temperatures outside the range of bacterial growth (i.e., outside [Tmin, Tmax]); the transition zone between growth
and inactivation is modeled with a modified version of the Arrhenius-type model proposed by Bigelow (1921); the
dynamic model is capable of modeling unlimited cycles of lag time - growth - transition zone - inactivation- lag
time - growth, etc., as a function of temperature; parameter estimation is described as a two-step process: first
step - maximum specific growth rate, lag time, asymptote of the growth curve (A), and other parameters, are
estimated from data on growth rates for a given micro-organism at different levels (but constant) temperatures;
second step - data from experiments that are carried out at varying temperature are used to refine the estimates
of the parameter estimates made in step 1

3. assumptions: growth rate is a function of temperature only; asymptote of the bacterial growth curve is not a
function of temperature

4. limitations: further model development may be required to simulate deviations of the temperature inactivation
rate constant from the Arrhenius-type model that have been observed for some micro-organisms under some
environmental conditions (Tomlins and Ordal, 1976; Gould, 1989); further model validation is warranted under
time varying temperature conditions

5. relevance: low

F. Study Conclusions and Extended

1. conclusions supported by the data: the dynamic model predicts population growth/decline patterns as a
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Applications function of temperature that are consistent with expected results; predictions produced with the dynamic model at
constant temperature agree with the constant temperature modified Gompertz model (Zwietering et al., 1990,
1991); the model output agreed very well with experimental data for Brochothrix thermosphacta and Laxtobacillus
plantarum

2. extrapolations: NA
G. Data Gaps and Proposed 1. data gaps: NA
Solutions 2. proposed solutions: NA
H. Weight of Evidence 1. robustness of method: high
2. representativeness of data: low
3. generalizability or external validity: high
4. soundness of study conclusions or internal validity: high
5. defensibility: low
. Criteria for Exclusion from NA
Compendium
J. Reviewer Comments NA
K. Cross-References NA
A. Exposure Assessment Study Whiting, R.C. and R.L. Buchanan. 1997. Development of a quantitative risk assessment model for Salmonella
Identification (Food) enteritidis in pasteurized liquid eggs. Int. J. Food Microbiol. 36: 111-125.
B. Objectives and Type of Study 1. purpose: scientific and future regulatory interest; construct viable risk assessment model incorporating dose
response and food microbiology to quantitatively assess hazards associated with a food process.
2. type: EA
C. Publication Attributes 1. sponsors/affiliations: US Department of Agriculture

2. peer-review mechanism: full scientific journal review

D. Data and Study Design 1. type: experimental data for microbial growth in contaminated flocks and eggs; growth modeling applied to
thermal processing and storage; abuse of storage temperatures by consumer and probability of infection.

2. source: published studies and epidemiological surveys
3. extent of data: extensive survey of experimental studies on pathogen presence in contaminated flocks and
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eggs, experimental studies for growth, survival, and thermal death of pathogen; incorporated data on frequency
for scenarios of time/temperature incubation throughout production, distribution and consumer handling.

4. sampling plan: NA

5. sample size: isolation rate of contaminated eggs from infected flocks determined by distribution of values
collected from 27 surveys;

6. performance characteristics: NA
7. relevance of data: low

E. Method/Model/Approach

1. general characteristics: 2,000 iteration Monte Carlo simulation using @RISK sampling from distribution below;

2. specific characteristics: log normal and other distributions to calculate number of contaminated eggs and levels
of infection in portion of eggs stored at temperatures or durations different from optimal procedures;

3. assumptions: no growth in albumen; ovarian route of transmission (vs. trans-shell) is largely responsible for S.
enteritidis outbreaks; birds containing the pathogen is best estimated by examining bird ovaries or ovarian tissue
and not intestinal tract; S. enteritidis numbers in contaminated eggs assumed 0.5 cfu /ml as level of S. enteritidis
in positive eggs, distribution for time to yolk membrane breakdown was calculated for eggs stored at room
temperature for 21days or higher temperatures for shorter time periods; washing, shell sanitation and breaking
procedures are effective enough to contribute very little pathogen count to the overall levels in the liquid egg
product.

4. limitations: additional information of lag periods existing between growth and pasteurization processes (effects
of physiological state of cell and survival adaptations) is needed; further examination of virulence mechanisms
and dose-response mechanisms needed.

5. relevance (qualitative judgement of the usefulness of the method to incident-based microbial risk assessment
for biothreat agents; high, medium, or low): medium, includes method for modeling pathogen growth and thermal
death and development and use of defined scenarios for selected exposure and dose-response conditions could
be very useful for incident-based microbial risk assessment, although parameters selected here are not pertinent
to EPA’s biothreat agents

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: temperature and time were identified as critical factors influencing
pathogen containment; scenarios indicate pasteurization temperature effective at reducing pathogen numbers to
safe levels when maintained at 60°C and suggests storage temperature highly influences ability of microbial
growth.

2. authors’ extrapolations from the observed data to other populations or conditions: NA

G. Data Gaps and Proposed
Solutions

. identification of data gaps: prevalence and levels in compartments of shell eggs and growth characteristics

H. Weight of Evidence

. robustness of method: low

1
2. assumptions or source of surrogate data to fill gap: NA
1
2. representativeness of data: low
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3. generalizability or external validity: low
4. soundness of study conclusions or internal validity: low
5. defensibility: low

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

description of most appropriate uses of method for incident-based microbial risk assessment when evaluating
farm-to-table food products; useful for threat scenarios permitting bacterial growth in food process; basis
components of model may be useful for examining biothreat agents in buildings.

K. Cross-References

same study in DR, RC

A. Exposure Assessment Study
Identification (Food)

Zwietering, M.G. and S.J.C. van Gerwen. 2000. Sensitivity analysis in quantitative microbial risk assessment. Int.
J. Food Microbiol. 58: 213-221.

B. Objectives and Type of Study

1. purpose: scientific; future regulatory interest
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Department of Food Technology and Nutritional Sciences, Wageningen University, The
Netherlands

2. peer-review mechanism: full scientific journal review.

D. Data and Study Design

1. type: NA

. source: published studies for Salmonella in poultry
. extent of data: NA

. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: low
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E. Method/Model/Approach

1. general characteristics: An approach for performing sensitivity analysis of microbial risk assessment models is
presented. The approach describes three-stages of sensitivity analysis: deterministic, worst-case and stochastic.
The approach is illustrated using an example for Salmonella contamination of chicken.

2. specific characteristics: 10,000 simulations using distribution listed below; models used to calculate growth and
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inactivation rates was the Cardinal Temperature and pH Model (Rosso et al., 1995) and the D, z model.
Triangular distribution for variations in process steps: slaughter time, temperature during pre- and post-cooking
storage, and cooking temperature.

3. assumptions:
4. limitations:
5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: probability of survival depends on the number of organisms before heating
and also on the pre-cooking process.

2. extrapolations: NA

G. Data Gaps and Proposed
Solutions

NA

H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: high

3. generalizability or external validity: high

4. soundness of study conclusions or internal validity: high
5. defensibility: low

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

1.Useful for determining which process steps are important in controlling exposure to humans via food.

2. other comments by reviewer: This paper provides an overview of quantitative risk assessment (i.e., hazard
identification, exposure assessment, hazard characterization, risk characterization, and sensitivity analysis) and
presents a phased approach for sensitivity analysis for microbial risk assessment. The second half of the paper
implements a sensitivity analysis for Salmonella on chicken to determine which process steps are important in
the deterministic versus worst-case and stochastic analyses.

K. Cross-References

NA
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A.1.2 Ingestion (Water)

Crawford-Brown, D.J. and S. Marquez-Nyarko. 1999. Development of an environmental
decision support system (EDSS) for comparing drinking water treatment practices and
associated health risks. Report No. 323. Chapel Hill, NC: Water Resources Research
Institute of The University of North Carolina. ..........ccccooiiiiiiiiiiiiiici e 109

Gale, P., P.A.H. van Dijk and G. Stanfield. 1997. Drinking water treatment increases micro-
organism clustering; the implications for microbiological risk assessment. Aqua (Oxford)
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Gale, P. 2001. Developments in microbiological risk assessment for drinking water. J. Appl.
MICIODIOL 911 19T1-205. .. ceiiiieiiiiiite et e e e e e e e e e e e e eeeeas 114

Medema, G.J., W. Hoogenboezem, A.J. van der Veer, et al. 2003. Quantitative risk assessment
of Cryptosporidium in surface water treatment. Wat. Sci. Technol. 47(3): 241-247....... 116

Petterson, S.R., and N.J. Ashbolt. 2001. Viral risks associated with wastewater reuse: Modeling
virus persistence on wastewater irrigated salad crops. Wat. Sci. Technol. 43(12): 23-26.118

Teunis, P.F.M., G.J. Medema, L. Kruidenier, et al. 1997b. Assessment of the risk of infection by
Cryptosporidium or Giardia in drinking water from a surface water source. Wat. Res.
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A. Exposure Assessment Study
Identification (Water)

Crawford-Brown, D.J. and S. Marquez-Nyarko. 1999. Development of an environmental decision support system
(EDSS) for comparing drinking water treatment practices and associated health risks. Report No. 323. Chapel
Hill, NC: Water Resources Research Institute of The University of North Carolina.

B. Objectives and Type of Study

1. purpose: scientific and future regulatory; to present the development of a software tool to aid decision-makers
involved in analyzing the various risks associated with disinfection treatment options for drinking water

2. type: EA

C. Publication Attributes

sponsors/affiliations: Water Resources Research Institute of The University of North Carolina
peer-review mechanism: NA

D. Data and Study Design

source: survey of Brown Water Treatment Plant

extent of data: data from one representative plant were used; water quality data included temperature, pH,
total organic carbon, bromide, ammonia, UV absorbance, and raw water concentrations of Giardia lamba cysts
and Cryptosporidium parvum oocysts; information on treatment system characteristics was also collected

4. sampling plan: NA

5. sample size: NA

6. performance characteristics: NA
7. relevance: high

1.
2.
1. type: water quality survey data
2.
3.

E. Method/Model/Approach

1. general characteristics: exposure to disinfection by-products and microbes is estimated by use of models to
predict formation of disinfection by-products and inactivation of waterborne microbes (based on plant water
quality measurements and treatment system characteristics), and human exposure factors

2. specific characteristics: formation of disinfectant by-products is predicted from plant water quality
measurements and treatment system characteristics using algorithms modified from the EPA (1993) WTP (Water
Treatment Plant) model that were developed from chlorination experiments (Harrington, 1992) conducted to
measure formation of disinfection by-products under various treatment regimens; inactivation (disinfection)
kinetics of microorganisms (Giardia and Cryptosporidium) are modeled using Chick-Watson first order kinetics,
first order kinetics in which disinfectant concentration declines with time, and/or a two-population first order
kinetics model (weighted by user), with inputs being the initial concentration of Giardia cysts and Cryptosporidium
oocysts in the water and treatment system characteristics; human exposure factors for water ingestion and body
weight are used to calculate doses of disinfection by-products and microbes associated with drinking water
concentrations; inputs can be point estimates or user-specified distributions, and if distributions are specified,
probabilistic evaluation (Monte Carlo, Median Latin hypercube, or Random Latin hypercube) can be performed to
obtain probability distributions for exposure outputs.

3. assumptions: the exposure models assume that each day is a statistically independent exposure to the water
with an identical distribution of pathogens

4. limitations: the current model is limited to predicting concentrations of total trihalomethanes, chloroform,
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bromoform, bromodichloromethane, chlorodibromomethane, dichloroacetic acid, and trichloroacetic acid from
chlorination and chloramination as a secondary treatment, although the model can be expanded to include other
by-products and treatment methods; the current model is limited to predicting disinfection of Giardia and
Cryptosporidium, although the model can be expanded to include other waterborne pathogens; the current model
does not address the effects of the water distribution system, which can be significant, on exposure

5. relevance: high

F. Study Conclusions and Extended
Applications

1. conclusions: water concentrations of disinfection by-products and microbes at the Brown Water Treatment
Plant were consistent with predictions of the model; the model provides a flexible tool to predict drinking water
exposure to Giardia and Cryptosporidium under various water treatment regimens

2. authors’ extrapolations: NA

G. Data Gaps and Proposed 1. data gaps: NA

Solutions 2. proposed solutions: NA

H. Weight of Evidence 1. robustness of method: high
2. representativeness of data: high
3. generalizability or external validity: high
4. soundness of study conclusions or internal validity: high
5. defensibility: high

. Criteria for Exclusion from NA

Compendium

J. Reviewer Comments NA

K. Cross-References

same study in DR, RC

A. Exposure Assessment Study
Identification (Water)

Gale, P., P.A.H. van Dijk and G. Stanfield. 1997. Drinking water treatment increases micro-organism clustering;
the implications for microbiological risk assessment. Aqua (Oxford) 46(3): 117-126.

B. Objectives and Type of Study

1. purpose: scientific, future regulatory interest
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Department of the Environment
2. peer-review mechanism: full scientific journal review
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D. Data and Study Design

1. type: experimental data for presence of aerobic spores in raw water and treated drinking water samples
(operational UK drinking water treatment plant)

2. source: published studies
3. extent of data: NA

4. sampling plan:100 L water samples were taken; 150 mL samples were taken every 30 sec for treated water
and every minute for raw water from Sterilin on four different days in February

5. sample size: NA
6. performance characteristics: NA
7. relevance: low

E. Method/Model/Approach

1. general characteristics: examined Poisson distribution and negative normal distribution models for and their
ability to provide good fits to microorganisms counts in drinking water

2. specific characteristics: Poisson distribution; negative normal distribution; overdispersed Poisson and
Generalized linear modelling (GLM); significance tests on the reduction of spore counts in treated drinking water
samples compared to raw water samples

3. assumptions: microorganisms are randomly dispersed in water samples; under non-outbreak conditions
consumers are only exposed to one or zero pathogen doses daily;

4. relevance: high

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: water treatment significantly reduces spore viability, and facilitates the
clustering of spores that survive; degree of clustering (loose versus tight) will determine how many pathogens are
found in each glass of drinking water; spore counts for raw water samples were Poisson distributed; spore counts
for treated water samples were over-dispersed; both models (Poisson distribution and negative normal
distribution models) provided a good fit for untreated water samples, however negative binomial distribution
provided a better fit for treated water samples; even under non-outbreak conditions, it is possible to be exposed
to higher doses than just one pathogen as predicted by most RA models

2. authors’ extrapolations from the observed data to other populations or conditions: particulates (e.g. carbon,
alum) may further promote clustering of microorganisms in drinking water

G. Data Gaps and Proposed
Solutions

1. identification of data gaps: Poisson distributions are inflexible to variance above the mean resulting in
overdispersion; GLM model is restricted to cases where the value for k is known or fixed

2. assumptions or source of surrogate data to fill gap: use of a dispersion statistic to determine if data are
Poisson distributed ;fit data to Poisson distribution but allow variances to exceed mean (Over-dispersion Poisson
model); Also see E.3. and F.2. above

H. Weight of Evidence

1. robustness of method: high
2. representativeness of data: low
3. generalizability or external validity: high
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4. soundness of study conclusions or internal validity: high
5. defensibility: high

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

description of most appropriate uses of statistical models to best fit data values of spore counts

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Water)

Gale, P. 2001. Developments in microbiological risk assessment for drinking water. J. Appl. Microbiol. 91: 191-
205.

B. Objectives and Type of Study

1. Purpose: develop microbiological risk assessment models for pathogenic agents in drinking water, primarily
Cryptosporidium parvum, rotavirus, and Bovine Spongiform Encephalopathy (BSE).

2. EA

C. Publication Attributes

1. sponsors/affiliations: Wrc-NSF, Ltd., Buckinghampshire, UK
2. peer-review mechanism: peer reviewed journal

D. Data and Study Design

1. type: data primarily derived from previously published articles.

2. Source: Gale and Stanfield (2000) (Cryptosporidium). Data on surrogate organisms (Bacillus spores) were
conducted at the sponsoring organization’s facility.

. extent of data: data appear to be well described and appropriately captured for use in this report
. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: some high

E. Method/Model/Approach

PN O O AW

. general characteristics: different models applied to predict the exposure of populations to three pathogens that
may be present in water supplies

2. specific characteristics: Poisson and negative binomial distribution models were used to generate exposure
scenarios.

3. assumptions: surrogate particulates (Bacillus spores) were used to model the behavior of Cryptosporidium
oocysts. The relationship is undescribed.

79




Compendium of Microbial Risk Assessment Methods

4. limitations: NA
5. relevance: medium

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data:
2. extrapolations: NA

G. Data Gaps and Proposed
Solutions

1. data gaps: significant data gaps were reported for the estimation of BSE infection through the consumption of
drinking water

2. proposed solutions: the authors suggest that risk assessment models for BSE concentrate on pathway barriers
in the infection as opposed to biomedical barriers, the latter of which have considerable uncertainty

H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: high

3. generalizability or external validity: low

4. soundness of study conclusions or internal validity: high
5. defensibility: high

I. Criteria for Exclusion from
Compendium

NA

J. Reviewer Comments

promising modeling approaches for describing the likelihood for exposure or infection (e.g., Poisson and negative
binomial distribution models used for exposure assessment modeling)

K. Cross-References

NA

A. Exposure Assessment Study
Identification (Water)

Medema, G.J., W. Hoogenboezem, A.J. van der Veer, et al. 2003. Quantitative risk assessment of
Cryptosporidium in surface water treatment. Wat. Sci. Technol. 47(3): 241-247.

B. Objectives and Type of Study

1. purpose: scientific; regulatory
2. type: EA

C. Publication Attributes

1. sponsors/affiliations: Collaborative Research Programme (BTO) of the water companies in The Netherlands
2. peer-review mechanism: scientific journal review

D. Data and Study Design

1. type: water survey data for three case studies; exposure factors
2. source: survey of two water sources and three treatment facilities in The Netherlands; published data used for
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exposure factors

3. extent of data: water survey data comprised 1) concentrations of Crytosporidium in raw waters (corrected for
recovery efficiency) and 2) removal efficiency of treatment systems (obtained by monitoring removal of spores of
sulphite-reducing clostridia [SRC] under full-scale conditions); published data were used for consumption of
unheated drinking water in The Netherlands

4. sampling plan: source water sampled each month for a year (for two case studies) and sampled each week for
a year (for the third case study)

5. sample size: NA
6. performance characteristics: NA
7. relevance: medium

E. Method/Model/Approach

1. general characteristics: exposure estimated from raw water concentrations of Crytosporidium, expected
treatment removal efficiency, and expected consumption of unheated drinking water

2. specific characteristics: initial estimates of exposure were based on point estimates for raw water
concentrations of Crytosporidium, expected treatment removal efficiency, and expected consumption of unheated
drinking water for three case studies; for one case study where the point estimate of risk associated with the point
estimate of exposure was close to the Netherlands regulatory acceptable health risk of 1/10,000 infections per
consumers/year, stochastic modeling was performed in which statistical distributions were fit to the data for
Crytosporidium concentrations in raw water (negative binomial), removal of SRC during treatment (beta
binomial), and consumption of drinking water (log normal) and used in Monte Carlo analysis.

3. assumptions: NA

4. limitations: estimation of inactivation (as opposed to removal) of oocysts by treatment and determination of
strain genotype to determine pathogenicity to humans included only in the stochastic case study

5. relevance: medium

F. Study Conclusions and Extended
Applications

1. conclusions: point estimates of exposure and risk may be sufficient when the risk estimate is above or below
an existing safety level; statistical techniques can be used to determine distribution of exposure and risk when the
risk estimate is close to the regulatory level

2. authors’ extrapolations: NA

G. Data Gaps and Proposed
Solutions

1. data gaps: few data available on removal or inactivation of Crytosporidium itself under different treatment
regimens

2. proposed solutions: on-going studies

H. Weight of Evidence

1. robustness of method: high

2. representativeness of data: high

3. generalizability or external validity: NA

4. soundness of study conclusions or internal validity: high
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5. defensibility: high

I. Criteria for Exclusion from NA
Compendium
J. Reviewer Comments NA

K. Cross-References

same study in DR, RC

A. Exposure Assessment Study
Identification (Water)

Petterson, S.R., and N.J. Ashbolt. 2001. Viral risks associated with wastewater reuse: Modeling virus
persistence on wastewater irrigated salad crops. Wat. Sci. Technol. 43(12): 23-26.

B. Objectives and Type of Study

1. purpose noted by study authors: scientific; to investigate the implications of over-dispersion and the presence
of a very persistent sub-population of viruses for assessing viral illness from the consumption of lettuces and
carrots irrigated with secondary treated effluent.

2. type: EA

C. Publication Attributes

1. sponsors/affiliations: University of New South Wales, Victorian Dept of Human Services, and CRC for Waste
Management and Pollution Control Ltd.

2. peer-review mechanism: Scientific journal.

D. Data and Study Design

. type: simulation

. source: Orange County enterovirus data (Tanaka et al., 1998)
. extent of data: NA

. sampling plan: NA

. sample size: NA

. performance characteristics: NA

. relevance: low
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E. Method/Model/Approach

1. general characteristics: standard virus decay modeling, using published and assumed decay coefficients and
Monte Carlo simulations

2. specific characteristics: 10,000 Monte Carlo iterations for each of two input distributions to represent the
number of viruses on the crop following irrigation, one representing uniform dispersion and the other giving
consideration to over-dispersion. The virus decay rates were used; 0.47/d from experimental data and 0.69
(Asano et al., 1992) and a normal distribution (0.47, 0.03) for phage.
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3. assumptions: Over-dispersion—the number of virus on a 100 gram sample follows a discrete distribution, virus
decay followed log linear inactivation rate of 0.69/day, consumption occurred 14 days following final irrigation.
Persistent sub population—100 viruses/100 gram sample present following final irrigation. For bi-phasic decay the
initial fast phase was assumed to be faster than the average value assumed for single phase decay.

4. limitations: the actual values of the risk estimates should only be considered for relative comparison between
different model runs.

5. relevance: low

F. Study Conclusions and Extended
Applications

1. conclusions supported by the data: When over-dispersion or clumping of viruses is accounted for, a significant
increase in the heterogeneity in the risk estimate arises. Predicted infection rates were significantly
underestimated if the presence of a persistent sub-population of viruses was not considered in the decay kinetics
of the risk model. Virus decay rate more sensitive to risk estimation than initial density. Virus decay rates highly
variable and inappropriate for simple log-linear decay modeling.

2. authors’ extrapolations: Both viral clumping and persistence sub-populations should be accounted for in future
risk assessments of enteric viruses associated with wastewater reuse.

G. Data Gaps and 