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M icroBiAL Foob SAaFeTY DECISIONS

I NTRODUCTION
Businessand governments
have used both formal and in-
formal processesto makefood
safety decisions. In the past,
scientific data, aswell as other
technical, economic, and con-
sumer research have served as
the basis for much of the deci-
sion-making process, including
the determination of whether
the benefit of an action out-
weighed its costs. Data gaps
always exist, however, and
when data are available, it of-
tenisdifficult to compare mul-
tipleresearch studieswith each
other, especially when study
design, results, and/or conclu-
sons vary or differ. Although
subjective approaches for esti-
mating risk have been used in
the past, a systematic method
was lacking to analyze avail-
able information and knowl-
edge and evaluate conse-
quencesof different food safety
control measures on public
health. In short, policymakers
have not had a structured ap-
proach for making choices
among a variety of manage-
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ment options. Furthermore,
communication with stake-
holders often has been over-
looked or delegated to public
affairs and media relations
staffs only after the decisions
have been made.

Protecting the publicfrom
food safety risks, while main-
taining aviableagricultura and
food industry in an open soci-
ety, isa daunting task. Com-
peting stakeholder interests,
legal scrutiny, public aware-
ness, mediacoverage, and the
inherent uncertainty of all
these complex issuesimpinge
on the food safety decision-
making process now more
than ever. Risk anaysis pro-
vides a systematic and trans-
parent processfor gatheringin-
formation, estimating risks,
weighing options, drawing
conclusions, and communicat-
inginformationto arrive at de-
cisonsthat meet broad societal
needs. Thisapproach routingly
is applied to managing chemi-
cal hazardsin food and in the
environment. More recently,
risk analysis has been applied
and expanded to the assess-

ment of microbial public health threats, including minimiz-
inginfectiousandtoxigenic hazards. At avery basicleve,
risk analysisisatool to foster complex problem solving
and decision making. Itisusedincreasingly to help solve
food safety problems and better understand the compl ex
interactions of pathogens, food, and human hosts.
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As defined and used in this paper, risk analysist is
composed of three activities: (1) risk assessment, (2) risk
management, and (3) risk communication (CAC 1999).
The process of risk assessment providesinformation onthe
extent and characteristics of therisk attributed to ahazard.
Risk management includestheactivitiesundertaken to con-
trol the hazard. And risk communication involvesthe ex-
change of information and opinions concerning risk and
risk-related factorsamong risk assessors, risk managers, and
other interested parties, stakeholders, and the public.

Onerisk andysiscomponent in parti cular—risk assess-
ment for food safety eva uations—isbecoming increasingly
sophisticated and may rely on simulation (mathematical and
stochastic) modeling. As such, risk assessment can be
thought of as the “bridge” between research and decision
making in that quantitative models can link available data
to public health outcomes. The types of data used in de-
veloping these models include (1) the distribution of the
frequency and amount of contaminated food consumed and
(2) therelationship between exposure to the hazard and the
likelihood and severity of illness. Withthistool, risk man-
agers® can evaluate human health risks more objectively
inthecontext of the costs, benefits, and societal acceptance
of hazard control options. Although risk management is
clearly theresponsibility of government or regulatory bod-
ies, risk assessment tools also can be adapted to assist in
the evaluation of food safety concernsat theindustry level
(e.g., aparticular food manufacturer) and to evaluate indi-
vidual food safety control and management systems (Van
Gerwen and Gorris 2004).

For risk managers to use risk assessment effectively
in decision making, they need to understand their role in
developing and interpreting the risk assessment informa-
tion, with careful consideration of datalimitations and un-
certainties. In this paper, the authors describe the compo-
nents of microbia risk analysis with an emphasis on risk
assessment and the roles of regulatory agencies, industry,
researchers, consumers, and othersintheprocess. They dso
outline current risk assessment practices and future needs
that will permit continued use and improvement of the ap-
plication of risk analysisto food safety issues.

HistoricaL PERSPECTIVE

Food microbiologists and risk managers have con-
ducted and used quditativerisk assessmentsand mathemati-
ca modelsfor many years. For example, theHazard Analy-

!In some disciplines, the term risk analysis s used to describe risk
assessment.

2As used in this paper, the term risk manager refersto anational or
international government organization with responsibility for microbial
risk management (CAC 2004). It isrecognized, however, that industry
and individual consumers also engage in risk management activities.

sis and Critical Control Point (HACCP) system for food
safety includesa“Hazard Analysis’ asitsfirst step. Inthis
step, in an effort to identify which hazards are significant
and must be addressed in the HACCP plan (NACMCF
1997), the HACCP team collects and evauates informa:
tion on hazards associated with the food under consider-
ation. Another example is the devel opment of mathemati-
ca modelsfor home canning processesfor low-acid foods
as summarized by Andress and Kuhn (1998).

The processof evaluating risk wasdescribed formally
in 1983 by the National Academy of Science's National
Research Council (NAS-NRC) report titled “ Risk Assess-
ment in the Federal Government: Managing the Process’
(NAS-NRC 1983). The NAS-NRC recommendations
generally have been adopted by many agencies and orger
nizations. For example, the United Nations Joint Food and
Agriculture Organization (FAO)/World Health Organiza-
tion (WHO) Expert Consultation onthe Application of Risk
Analysisto Food Standards I ssues (UNFAO/WHO 1999)
recommended adapting this processfor food safety issues.

The use of risk assessment to assist the devel opment
of food safety policy was elevated onto the international
trade agenda by the Uruguay Round of talks to develop
policies for what was to become the World Trade Organi-
zation (WTO) in 1995 (WTO 1995). In particular, the
Agreement on Sanitary and Phytosanitary Measures (also
known as the SPS Agreement) establishes the rights and
obligations of WTO members with respect to food safety
and animal and plant health measures. The Agreement rec-
ognizes the right of countriesto determine their appropri-
ateleve of protection, but also prescribes the discipline of
risk assessment to ensure that SPS measures do not consti-
tute disguised trade barriers. The SPS Agreement recog-
nizes the standards, guidelines, and recommendations de-
veloped and adopted by the Codex Alimentarius
Commission (CAC) as an internationa “safe harbor” for
food safety measures. |mporting countries must basetheir
SPSmeasureson risk assessments, whereas exporting coun-
triesare obliged to demonstrate that their control practices
achievean equivaent level of protection. Thus, risk assess-
ment as either aqualitative or quantitative meansto evalu-
atethe effectiveness of anticipated control practicesisused
to establish food hygiene standards. Furthermore, its use
isan obligation under international trade agreements.

Interestingly, the WHO stated in 1995 that risk assess-
ment, as applied to microbia agents, could not be donein
the near term (UNFAO/WHO 1995). But thefirst quanti-
tative microbid risk assessment in support of aregulatory
initiativewas completed in 1998 (USDA—FSIS 1998), and
sincethen, dozensof othersaddressing different hazardsand
commodities have been completed by national govern-
ments, international intergovernmental organizations, and
professional/trade organi zations. Two recent microbial risk
assessmentsaredescribed in Appendices 1 and 2. Seeaso
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the Joint Ingtitute for Food Safety and Applied Nutrition
(JFSAN), Food Safety Risk Analysis Clearinghouse
website<http://www.foodrisk.org/risk_assessments.cfm>
for a user-friendly search engine to locate relevant food
safety risk analysis projects.

MicroBiaL Risk ANaLYS's: KEy CONCEPTS

The three components of risk analysis—namely, risk
assessment, risk management, and risk communication—
have distinct purposes, but the activitiesareintegrated in a
manner that maintainstheintegrity of each unique compo-
nent while informing the others. As applied to microbia
risk analysis, these components are defined within the con-
text of microbia hazards in food and water (CAC 2001),
asfollows.

* Risk assessment: A scientifically based process of
formally evaluating risks, consisting of (1) hazard iden-
tification, (2) hazard characterization, (3) exposureas-
sessment, and (4) risk characterization.

» Risk management: The process, distinct from risk
assessment, of weighing policy alternativesin consul-
tation with al interested parties; considering risk as-
sessmentsand other factorsrel evant to protecting con-
sumers and promoting fair trade practices; and, if
needed, selecting appropriate prevention and control
options.

» Risk communication: The interactive exchange of
information and opinionsthroughout therisk anaysis
process concerning hazards and risk; risk-rel ated fac-
tors; and risk perceptions among risk assessors, risk
managers, consumers, industry, the academic commu-
nity, and other interested parties, including the expla-
nation of risk assessment findingsand thebasisof risk
management decisions.

Examples of risk management, risk assessment, and
risk communication activitieswithin arisk anaysisframe-
work are provided in Table 1. The process begins with a
problem that may or may not require a risk assessment to
solve. Not al food safety problems require this level of
sophigtication. For example, the problem may be smple
and have only one practical or available solution or could
be an emergency that requires immediate action. Asdis-
cussed in the following sections, even if arisk assessment
isneeded, the available datamay limit the usefulness of the
risk assessment to fulfill the risk management objectives.
Academic researchers, industry, trade representatives, and
otherswho could assist in acquisition of datashould bekept
informed of these data gaps.

In the following sections, the authors describe key
concepts that are critical to the successful application of
micrabial risk analysis, including how the activities and
rolesof risk assessors, risk managers, risk communicators,

researchers, industry, stakeholders, and others interrelate
withinarisk andysisframework. Thecasestudiesprovided
in Appendices 1 and 2 illustrate the type of complex food
safety problemsthat can be informed by risk assessments.
The quantitative microbial risk assessments completed to
dateincludeafew that begin at theharvest phase of thefood
chain and many that includethe postharvest processing end
of the food chain; however, relatively few risk assessment
modelshaveincluded both preharvest (farm) and postretall
(consumer handling) aspectsof theentirefood supply chain.

Importance of Defining the Problem

The scopeand direction of arisk assessment idedlly is
derived directly from an articul ated risk management prob-
lem that stems from an existing or potentia public health
problem. Therefore, the boundariesand direction of therisk
assessment need to be crafted to best aid risk managersin
reaching their decisions. At the sametime, the scope and
gods of the risk assessment become defined and focused
by theinteraction of risk assessors, risk managers, and other
interested partiesto help identify technical limitationsand
data sources.

Itiscritical that all participants understand the State-
ment of the problem to be resolved and the questions that
the risk assessment must answer in order to make appro-
priate decisions about the type of risk assessment to be
conducted and—if quantitative—thestructure of themodd,
thetypesof dataneeded, and themodel outputs. Establish-
ing clear goalsfor therisk assessment hel psto keep therisk
assessment effort focused on the problem and prevents
deviation from the overall goal over time. Thegoasof the
risk assessment should bewritten asa“charge” totheteam
(Textbox 1). Withintheinternational community, specifi-
caly the CAC, thereisarequirement for the devel opment
of adocument, referred to as a Risk Profile,® before em-
barking on arisk assessment (CAC 1999). In somein-
stances, therisk profile may be a sufficient tool to develop
and evaluate risk management options.

A particularly difficult task isto framerisk assessment
guestionsinamanner consistent with the typesof analyses
that a risk assessment can address while still providing
answersin aform that is useful to the risk manager. The
questionsthat risk managers must answer typically aredif-
ferent from those directed to risk assessors. For example,
an underlying question that a risk manager may have to
addressis, How can therisk of listeriosis contracted from

3The content of arisk profileand theroleit playsin risk analysisat
theinternational level are still in development. Nonetheless, risk pro-
files also are being created and used at the national level. For exam-
ple, see the risk profiles developed by the New Zealand Food Safety
Authority <http://www.nzfsa.govt.nz/science/risk-profiles/
#P35_8387>.
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Table 1. Examples of risk management, risk assessment, and risk communication activities

Risk Management (RM) Activities

Risk Assessment (RA) Activities

Risk Communication (RC) Activities

Define problem

Assist interaction of RM and others to promote
understanding of the problem

Form RM team Form RA team

Develop RM strategy/plan
risk assessment

Commission RA, if needed

Develop plan for conducting

Form RC team

Develop RC strategy/plan

Assist interaction of RM, risk assessors, and others
to promote understanding of scope of the RA

Commission new research, —» Collect data
if needed
Identify data gaps

Develop model

« Inform stakeholders of RA plans and request input
on plans, approach, and data sources

Review RA, model, and results «» Revise and re-run model,

as appropriate

«— Assist interaction of RM and assessors
to understand initial results and model
changes needed

Review draft RA document «» Prepare draft RA document

«» Review draft RA document for communication
effectiveness

Revise RA and issue for
public comment

Consider available control options
to solve problem

If warranted, issue interim decision

Develop communication messages
related to RA and RM plan, if needed

Review revised RA «» Assess, respond to, and

<> Obtain stakeholder input on draft RA

incorporate input and comments
from stakeholders and interested

parties into revised RA

Make final decision to solve « Issue revised RA
problem in consideration of RA
and other information

Implement decision

—» Develop and issue messages to relevant parties,
including press releases, if applicable

Monitor and evaluate
as appropriate
If needed, modify decision —

«» Revise and re-run model,

Evaluate whether relevant parties have made
the identified changes or obtained the desired
knowledge

eating foods served in restaurants be minimized? For risk
assessorsto hel p, however, thisquestion must betrand ated
into aseriesof questionsthat therisk assessorscan consider,
using risk assessment tools, for example, What is the ex-
posureto Listeria monocytogenes from ready-to-eat foods
served in the restaurants? What is the likelihood of at-risk
populations contracting listeriosis from eating in restau-

rants? How much of therisk would be decreased if theres-
taurant shortened storagetimesor lowered refrigerator tem-
peratures used for food storage?

Frequent interactions between risk managers and
assessors may be required to formulate or clarify the risk
assessment questions. Initialy, theinteractionsmay focus
on clarification of vocabulary, the needs of the risk man-
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Textbox 1. Charge to risk assessors (Source: USFDA 2002)

1. Statement of risk management problem
2. Questionstherisk assessment should address
3. Scope of risk assessment

4. Key assumptions: Subpopulations of interest
(e.g., pregnant women); endpoint of concern
(e.g., severeillness)

agersfor making decisons, limitationsof theavailabledata,
and limitations of therisk assessment. Through discussions
of thistype, thoughtful and relevant risk assessment ques-
tions can be crafted that ultimately will lead to arisk as-
sessment designed to assist the risk manager in addressing
the food safety problem.

Clear Communication between Risk Managersand
Risk Assessors

Risk communicationisnot only something that occurs
between the regulatory agency and its stakeholders. As
sessors must understand why therisk assessment isneeded
and how risk managers will use the results. It is equally
important for risk managers to understand the impact or
limitations of available data on the validity of therisk as-
sessment and how assumptions may affect results. Both
managersand risk assessors must respect each others roles
and practicesin the risk analysis process. Much has been
written about separation or functional boundaries between
risk managers and risk assessors. Therationale for creat-
ing this distinction isto ensure that risk assessment is ob-
jective and is not influenced to support a predetermined
policy (CAC 1999; NAS-NRC 1983; NRC 1996; UNFAO/
WHO 1995). Nevertheless, theneed for separationismiti-
gated by theinterdependence and need for communication
between risk assessors, who need to devel op the assessment
to address management questions, and the managers, who
will usetherisk assessment asadecision-makingtool. Fur-
thermore, therisk managersare often the subject matter ex-
perts on whom the risk assessors must rely to develop a
useful risk assessment. Appropriate boundariescan bees-
tablished, yet communication maintained, if responsibili-
ties, roles, and limitations of the participants are defined
clearly.

Microbial Risk Analysisislterative

Therisk andysis processisiterative. For instance, if
new databecome available—particularly if they arediffer-
ent from previous data—the risk model can be updated
accordingly, which in turn alows risk management ap-
proaches and risk communication efforts to be revisited.

Thiscyclic nature of risk analysis also can be multidimen-
sional. At one stage, the risk assessment model may be
developed, reviewed, and refined. Preliminary resultsmay
further beissued for public or stakeholder comment so that
the assumptions, data used, and methodol ogy can be ques-
tioned and the risk assessment subsequently improved.
Similarly, if thereare changesin the system being modeled,
it may be necessary to recdlibrate or rethink the input pa-
rameters to arisk model(s) in an effort to represent those
changesproperly. Changesinregulatory or societal accep-
tance of risk also might lead to reevaluation of arisk as-
sessment. Theiterative nature of therisk analysis process
isillustrated further by the fact that the outcome of deci-
sions based on risk analysis should, in practice, be moni-
tored, evaluated, and modified if warranted, which in turn
may lead to new risk assessment activities, new risk man-
agement decisions, and new risk communication efforts.

Transparency

It is often stated that risk analysis must be “transpar-
ent.” Basicdly, transparency means that the steps, logic,
key assumptions, limitations, and rationale that lead to a
decision must be communicated (USEPA 2000a). Such
transparency, however, can occur inanumber of ways. The
first way is transparency of process, or openness, which
ensures that risk management is not done behind closed
doors, that stakeholdersare participantsin the process, and
that thereasonsfor decisionsare communicated to affected
stakeholders. If transparency prevails throughout the en-
tire process, stakeholders likely will be more receptive to
the risk management decision, promoting greater compli-
ancewith thefood safety controlsand resultinginimproved
public health.

The second way istransparency of science. At amini-
mum, atransparent quantitative risk assessment isonethat
isdocumented sufficiently to bereproduced independently
by qualified experts (OMB 2002). Inthisinstance, al the
evidence, assumptions, and estimates used in the devel op-
ment of the model and the cal cul ations should be disclosed
and understandabl e to those reading the report or review-
ing the model calculations. Risk assessors should be en-
couraged to use modeling approaches and documentation
that promote transparency whenever possible, including
making their models and related software available for
examination by others.

Third, transparency is understood by some people as
communication, or accessibility. Because microbial risk
assessment often involves complex methods and compli-
cated mathematical calculations, the details of therisk as-
sessment itself may only be understood by or accessibleto
specidists. Food safety, like many other technical fields,
often relies on professional judgment, adherenceto gener-
ally accepted practices, and a negotiated process among
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those with specialized training and experience. Full trans-
parency requires that these deliberations and decisions be
documented so that therationa efor therisk assessment can
be understood by other experts not engaged in the devel-
opment of arisk assessment.

Because of the complexity of the process, aperception
exists that microbial risk assessment can present barriers
to meaningful, broad participation and understanding by
nonexperts. Indeed, transparency requirements may differ
if the audience is the decision maker, a risk assessment
expert, an industry stakeholder, aconsumer advocate, or a
lay person. In designing risk analysis documentation that
promotesclarity, key questions must beposed: Whoisthe
audience? What aretheir concerns, values, and perceptions?
What input should they have into the risk assessment pro-
cess? What information do they need to participate in a
meaningful manner in therisk analysis process? For each
audience, the reasons for and results of the risk analysis
process should be presented clearly. This action may re-
quire that a risk assessment be presented in different for-
mats, depending on the audience and its needs. For ex-
ample, whereas a technica document would have
information of interest to mathematica modelersor research
scientists, an interpretative summary would be useful to a
nonexpert audience.

In certaininstances, theremay be confidentiality issues
if arisk assessment includes proprietary data or informa:
tion not availableto everyone. Insuchinstances, transpar-
ency may require athird party to redact a database to ex-
clude confidential business or persona information. An
exception in transparency may be warranted if the infor-
mation in the redacted data set leads to improved decision
making. But participants who provide information and
data should be encouraged to share that data as openly as
possible.

Emphasis on Public Health Outcomes

A key atributeof microbid risk assessmentisthelink-
age of contaminated food throughout the food production
system and adverse public health events. Risk assessment
endpoints may be based on individual risk (e.g., risk of ill-
ness per serving), populationrisk (e.g., annual incidence of
illness), or both. The selection of risk assessment endpoints
and the determination of the appropriate level of protec-
tion* should be informed by science but ultimately are
policy judgments that depend on the organization's deci-
sional criteria under existing policy. Although a human
health outcome measure is the ideal assessment endpoint,

“The appropriate level of protection is defined as the level of pro-
tection deemed appropriate by the country establishing a sanitary or
phytosanitary measure to protect human, animal, or plant life or health
withinitsterritory (WTO 1995).

it may not be feasible in some cases; these cases may re-
quire that food safety decisions be based on an endpoint
short of human health outcomes. For example, it is diffi-
cult to determine the risk of disease to humans associated
with the transmission of the bovine spongiform encephal-
opathy (BSE) agent dueto the consumption of contaminated
beef because adequate data are lacking on both exposure
and thedose-response rel ationshipin humans (Harvard and
Tuskegee 2001). Nonetheless, decisions to minimize ex-
posure to the infectious prion in the interest of protecting
public health have been made and associ ated risk-informed
programsimplemented (USDA—FSIS2005). Furthermore,
if the purpose of the risk assessment is to understand the
relativeimpact of availableor potentia control options, the
accuracy of the dose-response portion of the model may be
lessimportant; the relative change in the predictions—not
the precise predicted outcomes or cases of illnesses—is of
primary interest.

MicroBiAL Risk AssessMENT: CURRENT
PracTICE

A risk assessment report typicaly isorganizedinto four
components: (1) hazard identification, (2) hazard charac-
terization, (3) exposure assessment, and (4) risk character-
ization. Descriptions of these components and their defi-
nitions are provided in Table 2.

Types of Microbial Risk Assessment

Risk assessments can be designed to answer questions
such as, What can go wrong?, How likely isit to happen?,
and What canwedo about it? Inanswering these questions,
food safety risk assessments fall into four types based on
the problem to be addressed (Table 3). The structure and
specific type of risk assessment conducted will depend on
the public health problem to be addressed, the nature of the
risk management question(s) to be answered, and theavail-
ability of data

Data and M ethodology

Depending on the pathogen-food combination, awide
variety of datasources may be availableto inform therisk
assessment (Tabled4). Thesedatagenerdly arederived from
three main sources. government agencies, published litera-
ture, and private industry. Data may be local, regiond,
nationa, or international in scope. Reviewingall datafrom
the published literature is important to understanding the
hazard; however, it may be difficult to pool datafrom the
published literature because of methodologicd differences
among studies. Intheseinstances, it isimportant to estab-
lish clear criteria both for the inclusion/exclusion of data
and, if necessary, for how datafrom different sourcesshould
beweighted. Industry datacan bevery valuablebut arenot
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Table 2. Risk assessment components related to microbial food safety (CAC 2001)

Component

Description

Hazard identification

The identification of a biological agent capable of causing adverse health effects, the food or group
of foods that are associated with the transmission of the biological agent, and the adverse health
effects that occur when food contaminated with the biological agent is ingested.

Exposure assessment

The qualitative and/or quantitative evaluation of the likely frequency and levels of ingestion of a
biological agent via food. This also may require consideration of other nonfood sources of the
biological agent to determine adequately the degree to which foods contribute to the overall adverse
health impact.

Hazard characterization

The qualitative and/or quantitative evaluation of the nature of the adverse health effects associated
with a biological agent, which may be present in food. Dose-response is the determination of the
relationship between the magnitude of exposure (dose) to a biological agent and the severity and/or
frequency of associated adverse health effects (response).

Risk characterization

The qualitative and/or quantitative estimation, including attendant uncertainties, of the probability of
occurrence and severity of known or potential adverse health effects in a given population based on

hazard identification, hazard characterization, and exposure assessment.

Table 3. Types of microbial risk assessments (USFDA 2002)

Type of Risk Assessment

Description

Example

Risk ranking

Compares relative risk among multiple hazards

or foods; used to establish risk management priorities,
allocate resources, and identify critical research needs
Risk ranking model

Risk ranking model

USDHHS/USDA 2003. Listeria monocytogenes
in Ready-to-Eat Foods

USFDA/IFT 2004

FSRC 2005

Product pathway

Examines the factors that influence risk associated with
food/hazard pairs along a specific product production,
processing, distribution, and point of consumption
pathway; used to identify key factors that modulate
exposure including the frequency and level of
contamination and impact of mitigation or intervention
strategies on the predicted risk

USFDA 2005. Vibrio parahaemolyticus
in raw oysters

USDA-FSIS 1998. Salmonella in shell eggs

Risk-risk

Evaluates the substitution of one defined risk for
another, used to compute the overall impact or trade-off
in benefits of an intervention designed to decrease a
public health risk in one area but that may, as a

result, increase risk in another area

Waterborne disease versus health effects
from disinfection (e.g., chlorine) by-products
(Fawell et al. 1997)

Geographical

Examines factors that permit or restrict a hazard
introduction and distribution and resulting public health
impact with respect to space and time; useful for
estimating the potential risks associated with failure

of a food safety system

Development of new variant Creutzfeldt-Jakob
disease (v-CJD) by transmission of BSE

prion from cattle to humans (Harvard and
Tuskegee 2001)
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Table 4. Datatypes, sources, and application for modeling use in quantitative microbial risk assessment

Risk Assessment Component

Data Type

Data Sources

Data Applicability

Exposure

Pathogen occurrence:
Frequency and levels
detected on food throughout
production, processing,
storage, or meal preparation

Public and private reports
containing laboratory analyses
or estimates from predictive
growth or inactivation models

Annual number servings
consumed and serving
size per meal

Government consumption
statistics or private
marketing sources

Flawed methodology, geographical
differences, seasonal fluctuations,
or long-term changes may restrict
validity or applicability of data.

In many instances, the data used
in risk assessments actually were
collected for other purposes,
(e.g., information on consumption
was collected for nutritional
purposes rather than for microbial
risk assessment)

Hazard characterization

Dose-response curves
for various strains of
microbial hazards and
disease endpoints of

Disease surveillance, clinical
studies, animal studies,

in vitro virulence studies,
demographic data

Limited understanding of variation
of microbial virulence and of
human susceptibility to disease
increases uncertainty. Dose-

concern for specific
human subpopulations

response curves may be applied
broadly once developed

awaysreevant; aso, these datamay be considered propri-
etary and thus may not be readily accessible.

Published literature, governmental surveys, and indus-
try data often are of limited use because of unintended sta-
tistical, geographical, or temporal biases. Seldom are data
collected in amanner that they can be considered astatisti-
caly vaid sampling of thefrequency and extent of contami-
nation within aregion or a country. There is an ongoing
revolutionintermsof sharing of datathrough easily acces-
sible computer databasesthat makeit possiblefor all inter-
ested partiesto sharerelevant datain astandard format. Al-
though such databases are not yet as widespread or
universally available as desired, the trend toward their use
shows no sign of abating and likely will benefit future risk
assessments.

Whereasthe collection of dataiscritical, proper man-
agement of the datais equally important, and a number of
data management issues should be addressed in any risk
assessment. Experience has shown that industry involve-
ment in providing data or information for risk assessment
isessentiad if the best final product isto be devel oped. But
the trade-off between transparency and accessibility must
betaken into account; strict assurance of confidentiality and
the proper use of data are essentid if industry isto bein-
volved to the fullest extent possible. Given the ease with
whichlarge quantities of datacan be shared viathe Internet,
risk assessment reports should include as much data as
possible, aslong asthe dataare relevant, confidentiality is
not breached, and the report is comprehensible and acces-
shle. Asaready mentioned, however, increased dataalso
increases the need for forma data management practices.

Perfect and comprehensivedatararely areavailablefor
all aspectsof aquantitative microbial risk assessment, and

avariety of optionsareavail ableto accommodate |l ess-than-
perfect dataor actual datagaps. Firgt, thereareformal pro-
cedures to dicit expert opinions (e.g., Cooke 1991; Mor-
gan and Henrion 1990) when valid observational data are
not available or when there are conflicting data sources.
Although advanced methodology is available for pooling
expert opinions (e.g., Ayyub 2001) and adjusting for bias
(e.g., Morgan et d. 2001), expert dicitation is fundamen-
tally arequest for informed judgment.

A second option isto use analogous or surrogate data
from arelated subject. Expert knowledgeasoisneededin
thissituation, both to select the surrogate dataand to deter-
mineitssuitability. The problem associated withless-than-
ideal data (i.e., incomplete, limited, or nonrepresentative
data) isthat it canlimit therisk manager's confidenceinthe
assessment results. An example is using food consump-
tion datain a model from one country as a subgtitute for
data that are lacking in a second country; these data cer-
tainly are less suitable if the dietary patterns of the coun-
triesare dissmilar. It may be possible or even necessary
to useless suitable datain certain situations—for instance,
as aworst- or best-case scenario—to produce a qualified
result with an acceptable degree of confidence. But it is
imperativethat thedataquality berevealed explicitly inthe
risk assessment narrative, along with the associated uncer-
tainties. Doing so maintai nstrangparency and enablesstake-
holdersto identify readily therole and impact of al datain
the risk assessment process.

Peer Review

Peer review isafundamentd activity in the advance-
ment of science, including risk assessment, to ensure the
quality of published information. It involves the evalua-
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tion or critique of adraft product by experts not involved
in producing the draft, either by individual |etter review or
by convening apand of experts(OMB 2004). Documents
are available that describe the mechanisms of conducting
peer reviews, such asthe salection of reviewers and devel-
opment of therecord of the peer reviewer comments (ILSI
2002; USEPA 2000b). Nonetheless, little practica guid-
ance exists on how peer review can best be achieved, par-
ticularly for complex food safety risk assessments and
models.

Peer review needsto yield three levels of assurance.

» The assessment needs to be evaluated by experts for
technical qudity and validity. Risk assessment poli-
ciesregarding input data, model construct, and model
outputs—all of whichinfluence dataquality and inter-
pretation—as well as the management of uncertainty
must be assessed rigoroudly. Thistypeof peer review
may be accomplished either by lengthy examination
by sdlected expertswith particul ar specidtiesor knowl-
edge areas or by opening the risk assessment for pub-
lic comment, giving stakeholders a chance to review
and question the data and methods.

* Peer review should assess transparency and evaluate
thewriting quality and clarity of the report(s) for dif-
ferent groups of stakeholders.

 Therisk assessment should be evaluated by peer re-
viewersto determineif the original risk management
guestions have been addressed adequately. Thedegree
to which those questions are answered will determine
thelikelihood that the risk assessment will be a useful
tool to make decisions that address the public hedlth
issue.

Quantitative Microbial Risk Assessment

Risk assessments can be qualitative or quantitative.
The decision to conduct aqualitative vs. aquantitative risk
assessment typically is based on the extent of knowledge
or data available and a so may take into consideration the
complexity of the problem and the time available to con-
duct the assessment or to commission additional research.
Qualitative risk assessment often is based on criteria that
may be numeric, narrative, or both. Theresult of aqualita-
tive risk assessment often is dichotomous, i.e., the product
is/is not classified as acceptable, or the risk can be classi-
fied as high or low.

Quantitative microbia risk assessment yields an ex-
pression of therisk asamathematical statement of thelike-
lihood of ilIness or death after exposureto aspecific patho-
gen. Theserisk assessments can be either deterministic or
probabilistic. Deterministic risk assessment uses single
numeric valuesor point estimatesto cal culateasingle point

estimateof risk. Probabilisticrisk assessmentsexpressone
or more of theinput values as probability distributions, re-
sulting in arisk estimatethat isexpressed asarangeor dis-
tribution (V 0ose 2000). Thelatter approachisusually more
desirable because most of the risk assessment inputs one
wishes to incorporate are not fixed but vary in a defined
manner or areuncertain and, morelikely, are both variable
and uncertain. For additional information on simulation
models and the differences between deterministic and
probabilistic risk assessment, see Vose (2000).

Model input variables are defined by distributions of
valuesinstead of point estimates for two primary reasons:
the dataare variable and the dataareuncertain. Withinthis
context, variability represents the heterogeneity in awell-
characterized phenomenon, usually not reducible through
further measurement or study (V oysey, Jewdll, and Stringer
2002). On the other hand, uncertainty represents incom-
plete knowledge of an empirica quantity; the anayst may
be ableto reduce some of theuncertainty through additional
research or data collection (Voysey, Jewell, and Stringer
2002).

Characterization of Variability and Uncertainty

A key advantage of using quantitative and probabi-
ligtic risk assessment as a decision-making tool for food
safety and public health improvements is the opportunity
to characterize variability and uncertainty. Stated another
way, risk assessment should convey thelevel of confidence
intheresults. To better understand variability and uncer-
tainty, consider the following examples. Foods stored in
refrigerators in homes throughout the United States are
exposed to avariety of temperatures. If thesurvey dataon
home refrigeration temperature (collected by AuditsInter-
national, 1999) are graphed, they will display anorma dis-
tribution with an average temperature of 39.3°F and astan-
dard deviation of 3.4% (Figure1A). Thesedataarevariable;
people have different types of refrigerators set at different
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Figure 1. A. Variability represented by observed home
refigeratortemperatures (bars)superimposed with
anormal distribution (line). B. Uncertainty repre-
sented by estimated Salmonella prevalence in
lettucegiven 1positiveoutof 142 samples (dashed
line) or 2 positives out of 284 samples (solid line).
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temperatures with different abilities to hold a proper tem-
perature. Conducting another survey will not change the
fact that when considering al refrigerators in the United
States, one expectsto find different temperatures.

On the other hand, scientists are uncertain about the
true prevalence of Salmonella in lettuce because of alack
of data. If astudy were designed to collect and test 142
lettuce samples and only 1 sample was Salmonella-posi-
tive, the degree of certainty about the true prevalence of
Salmonella in al lettuce might be expressed as shown by
thedashed curvein Figure 1B. But if the number of tested
samplesdoublesto 284 and the number of positivesdoubles
to 2, the “trug”’ prevalence of Salmonellain lettuce would
be more certain, as shown in the solid curve in Figure 1B.
Although the most likely valueis 0.7% in either case (i.e.,
1/142 or 2/284), the second case gives more confidence,
or “certainty,” about the true prevalence of Salmonella

in lettuce.

The key feature of uncertainty distributions in risk
assessment isthat the collection of more datadecreasesthe
uncertainty. Indeed, there are many sources of uncertainty.
Byrd and Cothern (2000) have described nine sources of
uncertainty; theseare detailed, dong with relevant examples
as applied to microbial food safety risk assessment, in
Tableb.

Analytical M ethodology

Variability and uncertainty are dealt with in probabi-
ligtic risk assessment by expressing input values as distri-
butions and applying sample-based methods. In the sam-
pling-based approach, a deterministic model is run
repeatedly, drawing randomly from specified probability
distributionsfor each uncertain mode! input in each mode!
run. The set of simulations has the effect of propagating

Table 5. Selected sources of uncertainty and examples as applicable to microbial risk assessment

Source of Uncertainty Example

Subjective judgment

In the absence of human challenge data for pathogens such as E. coli O157:H7, the dose-response

relationship frequently is estimated using surrogate organisms such as Shigella dysenteriae. Choice of
the appropriate surrogate, however, is dependent on the subjective judgment of experts.

Linguistic imprecision

Stating that the risk of contracting listeriosis from consumption of ice cream is minimal vs. a numerical

result that the risk is 5 X104 per serving or <0.1 case per 10 years within the U.S. population.

Statistical variation

Because E. coli O157:H7 carriage by cattle is sporadic and the product from several carcasses is

pooled to make a “combo bin” of ground beef, there is wide statistical variation in the prevalence of
E. coli O157:H7 contamination in this product.

Sampling

Pathogens usually are distributed through a batch of contaminated food; increasing the number of

samples taken from the batch reduces uncertainty related to the true probability of contamination.

Inherent randomness

Pathogen contamination of fresh produce is likely a highly random event that occurs unpredictably.

Mathematical modeling

Uncertainty arises regarding the appropriate mathematical form or structure of the model itself. For

example, variability in serving size could be modeled as a lognormal distribution, but this mathematical
expression is an imperfect model of reality.

Causality
disease in humans.

There is conflicting evidence that Mycobacterium paratuberculosis is causally associated with Crohn’s

Lack of data or information

The biological dose-response relationship for the transmission of the BSE-vCJD agent to humans due

to consumption of contaminated products. It is impossible to go back in time to measure the degree of
exposure that resulted in disease; efforts might focus on trying to reconstruct the dose, but acquiring
more data to decrease uncertainty is not possible.

Problem formulation

Problem formulation uncertainty often refers to normative disagreement about scope—deciding what to

include and exclude from a risk assessment. This disagreement may be exacerbated by uncertainty, but
it is distinct. Disagreements about problem formulation often are rooted in underlying value differences
among stakeholders (Hatfield and Hipel 2002).
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defined uncertainties from model inputs through to model
outputs, wherethey can be analyzed statiticaly, asif they
were an observed data set. The most common sampling-
based method is the use of random sampling, otherwise
known asMonte Carlo, dthough there are others. For more
information about Monte Carlo modeling, see Helton and
Davis(2000), Rubenstein (1981), and Fishman (1996). The
output of Monte Carlo smulation is adensity distribution
reflecting the range of the risk estimate, which might cor-
respond to uncertainty, variability, or both. A variety of
sampling-based simulation toolsare currently availableon
the market, including add-insfor spreadsheets; thesetools
are detailed in Textbox 2.

Modeling Dose-Response Relationships

The complex relationship between the magnitude of
exposureto the pathogen (dose) and the manifestation and/
or severity of the associated adverse event(s) caused by a
pathogen (response) in the exposed population can be de-
scribed mathematically using dose-response modeling
(Jouve 2002). Figure 2 shows an example of a dose-re-
sponsecurve. Inthisinstance, adose-response model was
fitto human clinica datafromfeeding trid susing the patho-
gen Shigella dysenteriae (Levine et a. 1973). The “best”
estimate of the dose-response relationship, shown by the
solid curvein Figure 2, indicates that the probability of ill-
ness at an average dose of 1 colony-forming unit (CFU)/
serving is0.02 (i.e., 2%, or 1 in 50 consumersis expected
to becomeill at thisdose). The uncertainty inthe relation-
ship (i.e., the confidence interval bounds) is indicated by
the dashed curves. Indeed, thereis substantial uncertainty
in the dose-response relationship, inasmuch as at an aver-
age dose of 1 CFU/serving, the upper confidence limit for
the probability of illness exceeds 10%. The confidence
intervals account for uncertainty in the true value of the
model parameters (i.e., uncertainty about the true mean
response at a given dose in the population represented by

1.0
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Figure 2. Estimated dose-responserelationship, expressed
as probability of illness [P(illness)] per given
dose, for S. dysenteriae, a possible surrogate for
E. coli O157:H7. Solid line displays estimated
dose-response curve, dotted lines account for
uncertainty in model parameters.

Textbox 2. Examples of simulation tools

“Add-ins’ for Excel (Microsoft, Redmond, WA)

Stand-alone tools

Analytica (Lumina, Los Gatos, CA)

Issaguah, WA)

o Stella (isee systems, inc., Lebanon, NH)
* WinBUGS: Bayesian inference Using Gibbs

e @Risk (Palisades Corporation, Newfield, NY)
e Crystal Ball (Decisioneering Inc., Denver, CO)

e GoldSim (GoldSim Technology Group LLC,

Sampling  <www.mrc-bsu.cam.ac.uk/bugs/

welcome.shtml>

Web-based
e CREMe (High performance computing,

<www.cremesoftware.com>; used for chemical

exposure modeling)

Champaign, IL)

Statistical/Mathematical programming languages
e Mathematica (Wolfram Research,

Inc.,

Matlab & Simulink (The MathWorks, Natick,

MA)

R <www.R-project.org>

SAS (SAS Ingtitute Inc., Cary, NC)
S-Plus (Insightful Corp., Seattle, WA)

General programming languages

Visual Basic (Microsoft)

e C++ and other similar programming languages

All these simulation tools have benefits and

drawbacks; there are trade-offs in any tool that is
selected. @Risk and Crystal Ball add probability
distributions and Monte Carlo analysis to Excel.
Analyticaisadecision modeling system using influ-
ence diagrams. Goldsim and Stella are primarily
dynamic simulation packages. WinBUGS can be
used to develop Bayesian statistical models and
evaluate them using Markov Chain Monte Carlo
methods. CREMeis used for dose-response model -
ing, primarily for chemical exposure. Mathematica
and Matlab are high-end mathematical programming
languages with extensive statistical and dynamic
simulation capabilities. R, SAS, and S-Plusinclude
powerful statistical programming languages. R is
open source and free. WinBUGS isfree and an open
source version (OpenBUGS) is available.
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thetrial subjects, assuming that the model is correct). But
theintervalsdo not account for either the uncertainty about
how representativetheclinical tria subjectsareof al con-
sumers or the uncertainty about the correct shape of the
dose-responsecurve. For example, model uncertainty may
be particularly important in thelow-doseregion of thecurve,
because consumers are more likely to be exposed to such
low doses. Itis, therefore, important for risk assessors to
document carefully the basis for model selection and the
possible impact of that decision on the risk assessment
results.

Sensitivity Analysis

Quantitative microbial risk assessment model outputs
typically include some component of variability and/or
uncertainty, and interpretation of these outputs can becom-
plex. A common tool used to better understand the impact
of uncertainty inmodel inputs (data) on amodd output (risk
esimate) issengtivity analyss(see Sdtelli, Chan, and Scott
2000 for additiona information). Inasengtivity analyss,
theinfluence of avariety of model parameterson aspecific
output is determined. One way of presenting sensitivity
analysisresultsisusing atornado plot (Vose2000). Insuch
aplot, the“sendtivity” of the simulation output to specific
input parametersused inthe model isdepicted using aver-
tical bar chart. Therecent microbial risk assessment for the
shellfish-associated pathogen Vibrio parahaemolyticusis
used asan example (Figure 3). Inthisinstance, therisk of
disease (expressed as the number of illnesses in the popu-
lation per year) ismost influenced by input variables such
asthe concentration of the pathogenin the environment and
the percentage of strains that are particularly pathogenic
(Figure 3, top bars). Relatively speaking, the other input
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Figure 3. Example tornado plot from the FDA Vibrio
parahaemolyticus (Vp) Risk Assessment (USFDA
2005).

variableshave proportionally lessinfluence on diseaserisk
when moving from the top to the bottom of Figure 3.

WHAT MicroBiaL Risk AssessMeENT CAN
AND CANNOT DELIVER TO THE PROCESS OF
Risk ANALYSIS

The Presidential/Congressional Commission on Risk
Assessment and Risk Management (1997) stated that:

Resultsof arisk assessment arenot scientific estimates
of risk; they are conditional estimates of the risk that
could exist under specified sets of assumptionsand—
with political, engineering, social, and economicinfor-
mation—are useful for guiding decisionsabout risk re-
duction.

Withinthiscontext, itisimportant to discussthe bound-
aries of what microbial risk assessment can and cannot
provide.

What Risk Assessment Can Deliver

Risk assessment is an important tool to inform risk
managers about food safety hazards, human health risks,
andtechnical control optionsandtoidentify research needs.
Microbial risk assessment linksthe presence of pathogens
infood to public health outcomes, which facilitatesregula
tory and business decision making with regard to foodborne
disease control. In asimilar manner, the mathematical
model associated with amicrobial risk assessment can be
used asatool to determine the equivalence of different food
safety systems. For example, arisk assessment model could
be used to demonstrate that two different processes, tech-
nologies, or systems can yield the same level of microbia
control and resulting public health protection when applied
tothesamefood. Thisusage hasthe potentia to offer pro-
tection to consumersin other countriesand to provide open
access to global markets for business. Whereas sporadic
and epidemic foodborne disease can be described epidemio-
logically, microbia risk assessment combines epidemio-
logical dataand inferenceswith dataand assumptionsfrom
other information sources in a rigorous, transparent man-
ner to describe more fully the foodborne microbia hazard
and the likely impact of control measures on the risk.

The presence of identifiable, diagnosable ill persons
whose illnesses can be attributed epidemiologicaly to
foodborne exposures creates information that can be used
to characterize and quantify microbia foodborne disease
risks. The nature of true human foodborne hazard expo-
sures, however, is uncontrolled and generally difficult or
impossible to quantify and fully characterize because of
poor or incomplete information. For example, dose-
response curves are highly uncertain, but so are
underreporting factorsfor estimating diseaseincidencefrom
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epidemiologica survelllance data. Epidemiological and
risk assessment approaches are, however, complementary
and can be used to validate and inform each other. At the
most basiclevel, microbial risk assessment modelsintegrate
exposure data (from contamination and consumption stud-
ies) with dose-response curvesfor specific microbial patho-
gensto characterizerisk by predicting numbersof illnesses.
This characterization can be done even in the absence of
human hedth statigtics.

Obvioudly, the modelsare more useful and credibleif
they are derived from data that encompass how foods are
produced, processed, stored, prepared, and consumed and
areevauatedinlight of human health epidemiological data.
But when datafrom oneor moreof these stagesareunavail-
able, risk assessment can be used to estimate theimpact of
various production practices, food safety measures, and
public hedlth interventionsin atransparent manner.

Using the risk assessment moddl, risk assessors—in
consultation with risk managers—can exchange hypotheti-
ca data at critical nodes and rerun the risk assessment. In
so doing, risk assessment techniques can be used to esti-
matewhich intervention strategieshavethe greatest impact
on exposure or public health outcomes. Such “what-if?’
scenario analysesrun the gamut from estimating risk onan
individual serving basis, to estimating annual risk for an
entire population, or even quantifying therisk of illnessfor
particularly susceptible subpopul ations such asyoung chil-
dren or theelderly. By including uncertainty in the assess-
ment, risk estimates are “honest” and “trug’ in that they
capture quantitatively the fact that predictions are not per-
fect. Inaddition, becauserisk assessment laysout existing
datain ahighly structured and transparent manner, datagaps
are identified readily and it is possible to rank the impor-
tance of replacing proxy data, default assumptions, and
expert estimateswith red datafrom relevant food substrates.

Although themicrobial risk assessments conducted to
date havefocused on single pathogensin singleor multiple
foods, risk assessment techniquesalso can be applied tothe
comparison and ranking of risks associated with multiple
microbia hazards for the purpose of setting research or
intervention priorities (Hoffmann and Taylor 2005). Fi-
nally, giventhelengthy timeframeof therisk analysispro-
cess (often severd years), along with its transparency and
the opportunity for periodic public comment, when regu-
latory action is finally taken, it is rarely a surprise to the
congtituents.

What Risk Assessment Cannot Deliver

Risk assessment is not risk management; microbial
risk assessment cannot “makethedecision.” Rather, it pro-
vides ameasure of thelikelihood of afood safety event or
adverse health event occurring. Risk assessment is one
among a humber of tools used to inform decision makers

about risk associated with current practice or the estimated
impact of control aternatives. Following are examples of
the kind of estimates that result from risk assessments.

* Risk of listeriosisassociated with deli meatscompared
withthat of hard cheesesdiffersby almost 10,000,000
fold (USDHHS/USDA 2003).

* Onthebasisof typical rangesin household refrigera-
tion temperature, controlling storage temperature is
moreeffectivethan controlling storagetimefor reduc-
ing therisk of Listeriosis from foods that permit bac-
terial growth (USDHHS/USDA 2003).

The usefulness of risk assessments for decision mak-
ing can belimited by theavail ability and quality of thedata,
as well as by the assumptions made in the analysis. It is
rare that al the data desirable for amicrobial risk assess-
ment will have been collected, and, for somemode inputs,
nodatawill exist at dl. Filling these datagapsby conduct-
ing experimental or epidemiologic studiesor field surveys
takestimeaswell ashuman and financia resourcesand may
betechnicaly or physically impossible. To deal with this
situation, risk assessmentsincorporate uncertainty into the
risk estimates. When uncertainty rangesarevery broad, this
may limit the apparent usefulness of therisk assessment in
addressing risk management decisions. Nonetheless, de-
cision making often proceeds despite large uncertainties.
For example, business or government agencies may bere-
quired to proceed with a program despite substantial un-
certainty, or risk managers may determine that the poten-
tial public health costs of delay outweigh the anticipated
benefitsof additional information. Intheseinstances, quan-
titative microbial risk assessment may not be appropriate
or timely and could be replaced with more qualitative ap-
proaches. If resources and time permit, however, the pri-
mary value of quantitative risk assessment in this context
is to provide a reasoned basis for decision making, while
clearly outlining the uncertainties.

Microbial risk assessment does not ddliver a “fina”
answer but rather a snapshot of the current situation and
available information; any change in the food supply sys-
tems would impact the estimated risk. In many instances,
data are collected over aperiod of years and under differ-
ent conditions; data on the prevalence and levels of patho-
gensin foods, for instance, may be derived over aperiod
of decades and from many different countries. If the data
collected over time and space are not representative of the
current conditions and popul ations, the risk assessment re-
sults may not reflect the current risk or public health bur-
den accurately. Changesin food or food production sys-
temsthat occur over timealsowill affect risk. For example,
growing antimicrobial resistance by pathogenic organisms
may influence their response to various control measures
or change the intensity of health impact (Claycamp and
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Hooberman 2004; Threlfal et al. 2000). The prevalence
of many pathogens in foods is expected to decline asin-
dustry improves food safety controls. But even with the
inevitable changes that occur over time, microbial risk as-
sessment providesastructurefor reeval uation of risk man-
agement decisionsbased on updated estimates of risk asnew
technologies and/or additional data become available.

Thereareconcernsthat somemicrobial risk assessment
models have difficulty predicting new situations. Even
though models may undergo acalibration process (whereby
unknown input values are modified so that the model out-
put agrees with observed real-world data), a model that
perfectly describesthe current situation may fail to predict
the effects of changes to the system. Therefore, model
verification using an independent data set would provide
further confidence in the model output and its predictive
power. Unfortunately, thesetypesof independent datasets
arerarely available, although thesituationisimproving. For
example, the dose-response model used in the 2003 List-
eria monocytogenes Risk Assessment (USFDA-CFSAN
2003) was devel oped with the historicaly used mouse dose-
response rel ationship, which then was scaled to match hu-
man listeriosis. Thiscalibrated curve compared favorably
with human listeriosisoutbresk data, which served asaform
of model validation.

Idedlly, the objectives of the risk managers and the
available datawill determine thelevel of complexity used
inthemodeling process. Inmost instances, risk assessment
uses data from studies designed for non-risk assessment
purposes. Therefore, thelimitationson inferencesthat can
bedrawn from the avail able datashould be described inthe
risk assessment. In practice, however, availability of data
alsoimpactsthe assumptionsand resulting model complex-
ity. Inherently, quantitative model stend tofocuson aspects
of aproblem for which data are available. For example,
cross-contamination during food preparation usually isas-
sumed to be negligible or is excluded from the scope of
existing microbial risk assessments. Althoughthereislim-
ited evidence (Gorman, Bloomfield, and Adley 2002) but
a general belief that cross-contamination is important
(Kusumaningrum et a. 2004), therearevirtually no empiri-
ca datacurrently availablefor incorporating cross-contami-
nation in a quantitative risk model. Also, most microbial
risk assessments are concerned with asingle bacteria spe-
cies, yet microbid interactions often can limit the growth
of some pathogens in foods (Alves et d. 2005; Grau and
Vanderlinde 1992; Jameson 1962). Taken together, these
examplesillustrate the fact that microbial risk assessment
models require some degree of simplification.

RoLEs, BENEFITS, AND PERSPECTIVES

Therolesand perspectivesof variousorganizationsthat
contribute to the risk analysis process by conducting or

using risk assessments and the benefit of this approach to
those groups are described in this section.

U.S. Regulatory Agencies

Food safety issues may beidentified in several ways:
(2) by public health officials who determine that sporadic
illnessesand outbresks of disease are being caused by con-
taminated food, (2) by food microbiol ogistswho document
the presence of foodborne pathogens in various foods, or
(3) by other means. When national food safety issuesarise,
the primary purpose of risk assessment is to provide risk
managers with information organized in amanner that as-
dstsin the selection of appropriate risk management strat-
egies. It isthe responsibility of regulatory agenciesto ini-
tiate, support, and interpret the risk assessment from its
inception to its completion, including its use as a risk
management and communication tool. In the face of a
public health emergency, arisk assessment by necessity will
be cursory, and risk management decisions will be made
quickly.

It may be appropriate, however, once the emergency
has subsided, to conduct a more thorough and thoughtful
risk assessment to guide devel opment of prevention strate-
giesfor the future or to modify theinitial decisions made.
Aspart of thislonger-term process, quantitativerisk assess-
ment provides the scientific basis for establishing good
practice guidance, regul atory standards, and other objective
measuresof performance necessary to achieve public hedth
gods. Risk assessments also can provide an agency with
toolsfor ranking relativefood risks and establishing priori-
ties to allocate regulatory and research resources. Most
importantly, when risk analysisis conducted in a scientifi-
cally credible, open, transparent, and well-documented
manner, it provides acommon understanding of theissues
among government, industry, and consumers. Thisunder-
standing facilitatesthe devel opment of socialy acceptable,
technically and economically feasible solutions to food
safety problems.

I nternational Organizations

Onaninternational basis, risk assessmentsare helpful
in demonstrating the relationship between amounts of
pathogen contamination and various public health out-
comes. Thisinformation providesascientific basisfor trad-
ing partners to evauate the equivalence of different food
safety measures with respect to thedesired leve of protec-
tion. The WHO and the FAO are supporting the CAC, the
international, intergovernmental food safety standards-set-
ting body recognized by the WTO, through the conduct of
expert consultations, the commissioning of “internationa”
microbiological risk assessments, and the provision of risk
assessment training in developing countries. These activi-
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ties are fostering the el aboration of international standards
by Codex committeesthat are appropriate and achievable,
thereby facilitating the trade of safefood. Guiddinesand
international risk assessments are available at <http://
www.who.int/foodsafety/publications/micro/en/
index.html>,

Industry/Trade Associations

Today, many businesses use probabilistic modeling
techniquesto estimate likely financial outcomes. Thereis
growing industry recognition, especially within the qual-
ity systems components of the food, beverage, and ingre-
dient industries, of the value of process modeling and its
integration with risk management. Inaddition, industry and
trade associations representing industry groups have been
participating with government in the risk assessment pro-
cess by providing product data and working with federal
risk assessors to eva uate the appropriateness of the sce-
narios used in the sector or segment targeted in the assess-
ment. Inafarm-to-table risk assessment, for example, in-
dustry will havethe most current information on themanner
and conditionsin which food or ingredients are produced,
processed, held, transported, retailed, and prepared for con-
sumption. Because each of these steps may contribute to
an increase or decrease in the targeted hazard, input from
industry will assist in assuring that all likely scenarios are
considered, and that the assumptions needed for comple-
tion of the risk assessment are informed by up-to-date
information to the greatest extent possible.

Industry and trade associations also may be able to
provide information needed to decrease uncertainty in the
risk estimate. Such information may includehistorical data
on hazard levels at various stages in the food chain, the
effectiveness of current and potential interventions on the
hazard of concern, and thelikely time and temperatures of
storage and distribution that may influence achangeinthe
level of the hazard.

It also should be understood that the food industry is
populated by diverse firms of al sizes and technical com-
petencies. To alarge extent, trade associations rely on
voluntary efforts for technical inputs, especialy when the
inputs involve data. These limitations are likely to result
in incomplete data and an inability to estimate levels and
frequency of microbial hazards accurately in specific cat-
egories of foods produced by firms of various sizes. Risk
assessors must be cautious in the use of data that may be
representativeonly of larger, moretechnically sophisticated
firmsas opposed to being representative of foods produced
under thevariety of conditionsthat may exist. Despitethese
limitations, industry information and input are essential for
atrangparent and technically sound risk assessment.

Academia and Consulting Firms

Academic scientists and consultants also have arole
in microbial risk analysis. Research by academic institu-
tions and consulting firms supplies many of the data used
in the risk assessment process. In addition, both groups
provide a wealth of expertise on which risk assessment
teams can draw. For instance, academicians and consult-
ants frequently are tapped for participation on various risk
assessment teams. | ndependent consultantsalso havebeen
asked periodically to address issues germane to microbial
risk assessments, such as adapting conventional sensitiv-
ity analysis methods historically used in chemical risk as-
sessment to microbial food safety risk assessment. Like-
wise, modeling of some of the critical data needed in risk
assessment, such asthe effect of consumer food handling
practices on risk, has been undertaken by the academic
sector. The interface between food safety risks and the
epidemiology of foodborne disease a so hasbeen explored
under the guidance of consulting firms. Finally, academic
laboratoriescan offer expertiseinthedesignand implemen-
tation of studiestofill in datagapsthat might be identified
in the risk assessment process. Although food safety risk
communication may beinitsinfancy, social scientistsand
expertsin risk communication and health behavior arelikely
to haveimportant rolesin devel oping public messagesthat
speak to the various congtituents invested in food safety.

Consumers

Research studies consistently show that consumers
arelikely to have heard about certain foodborne pathogens,
and a sizable number of them harbor some degree of con-
cern about the safety of thefood supply. Y et recent research
showsthat many consumersare unaware of, or unmotivated
to take, the basic stepsthat can prevent foodborne disease,
despite the availability of messagesthat promote safefood
handling. The ahility of individual consumers to partici-
pate meaningfully in food safety analysisand policy ddlib-
erations is necessarily limited by the time, resources, and
specidized education and experience necessary to gain ef-
fective accessto the process. Nonetheless, consumersare
stakeholdersaswell, and they should be encouraged to take
aproactiverolein microbia risk anaysis, from the begin-
ning of the process through its completion. Creating op-
portunitiesfor consumer involvement, including providing
themwith thetool snecessary tofacilitate suchinvolvement,
iscritical.

In fact, consumers and especially consumer groups
have played avital rolein microbid food safety by elevat-
ing food safety issueson the public agenda, scrutinizing the
basis for risk management decisions, ensuring that public
policy deliberations take place in the full light of day, and
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holding government and industry accountable for food
safety performance. Both consumer groups and the food
industry share acommon interest in ensuring transparency
in microbial food safety risk analysis that is conducted in
support of regulatory decision making. Because consum-
ersaretheultimate arbiter of acceptability throughtheir food
purchase decisions, risk managers who are considering
controversial risk management strategies or strategiesthat
can only partly mitigate risk may wish to reach out to con-
sumersthrough risk communication effortsto review pos-
sihilities as part of the deliberative process.

ConNcLusions AND FUTURE NEEDs

Risk analysisis atool to improve complex problem
solving and decision making in food safety. Itisincress-
ingly used to help solve food safety problems and to better
understand the complex interactionsof pathogens, food, and
human hosts. The use of risk assessment as atool to set
food hygiene standards is not only the most objective or
scientific way to determinethe effectiveness of anticipated
control practices but also isnow an obligation under inter-
national trade agreements. 1t should beclear that risk analy-
ds practices as applied to microbial food safety have de-
veloped rapidly over the last decade and will continue to
be present for many years. Despitetherapid growthinthe
field, however, risk analysisasapplied tofood safety istill
initsinfancy. Recommendations regarding the future ap-
plication of microbial risk analysistothefield of food safety
include the following:

* Target research to decrease the most important uncer-
tainties and data gapsidentified by existing microbial
risk assessments or that might impact future risk as-
sessments. Regulatory agencies, industry, and aca-
demic units should be encouraged to collect datain a
manner that would makeit more useful to risk assess-
ment modeling efforts. Although these types of stud-
iesare costly and time-consuming, their completionis
essentia for achieving substantial reductionsin uncer-
tainty, and hence better risk estimates, in the future.

» Developimproved methodsto support risk assessment
efforts. For example, improved epidemiologica inves-
tigation and surveillance approaches, including attri-
bution of pathogens to specific routes of contamina-
tion, food vehicles, and consumer behaviors, are
needed so that more definitive links between contami-
nated foods and resulting foodborne illness cases can
be established. Development of microbiological meth-
odsthat alow for the quantification of pathogen load,
rather than determining simple presence/absence, is
needed. National food consumption surveys need to
be redesigned for relevance to risk assessment efforts

and to provide information relevant to changing food
consumption patterns.

» Develop and apply the most appropriate modeling
techniques. Continued improvements in computer
technology and the application of techniquesfromthe
physica sciences, asapplied to understanding biol ogi-
cal structureand function, need to beincorporated into
current modeling practice to continue to improve mi-
crobial risk assessment. Modeling techniquesalso can
be applied to risk management and communication
using decision analysis tools in an effort to develop
more comprehensive understandings of risk.

» Promote ever-increasing transparency and continued
dialogue among risk assessors, managers, and stake-
holders. Assessorsand managers must be made aware
of thebarriersto successful implementation of their as-
sessments. More systematic and scientific effortsare
needed to understand stakehol der values, perceptions,
and concerns. Stakehol dersthroughout thefood chain
should seek to devel op agreater understanding of risk
assessment and how they can participate effectively in
the process.

* Improverisk communication. Of thethree components
of risk analysis, thisis probably the least well under-
stood. Improved risk communication beginswith rec-
ognizing the three separate and distinct steps to risk
anaysis. Effortsshould focuson providing adequately
funded risk communication resources for people
and ingtitutions working at the cutting edge of risk
anaysis.

 Encourage food microbiologists in academia, indus-
try, and government to design and interpret their work
intermsconsi stent with the support of risk assessment.
In particular, universities should develop graduate-
level programs to train future risk analysis practitio-
nersin all risk analysis components, including risk
assessment, risk management, and risk communication.

AprrPENDIX 1. CASE StuDY:
ANTIMICROBIAL RESISTANCE Risk
ASSESSMENT FOR FooD SAFETY:
VIRGINIAMYCIN

TheU.S. Food and Drug Administration’ s(FDA) Cen-
ter for Veterinary Medicine (CVM) conducts risk assess-
ments for food safety risks associated with uses of new
animal drug applications (NADAS) in food animals. Pub-
lic concern for food animal uses of antimicrobia drugshas
grown in proportion to the public’ sawareness of theresis-
tance of human pathogens to antimicrobial drugs used in
humans, and because some antimicrobials approved for



COUNCIL FOR AGRICULTURAL SCIENCE AND TECHNOLOGY—17

food animals are chemically similar or equivaent to drugs
used to treat humaninfections. The particular adverse con-
sequenceof concernisthat antimicrobial resistance among
bacterial populations—not drug residues—infood animals
might transfer “up” the food chain to bacteria, causing hu-
man illness.

Risk assessment for the transfer of antimicrobid re-
sistancein the food supply adds ancther layer of complex-
ity to food safety risk assessment compared with risk as-
sessments for either bacteria or chemical residues.
Antimicrobia resistanceiscarried either onthegenomeor
on plasmids within bacteria and may transfer among bac-
teria adapted to either food animals or human hosts. Bac-
terial species carrying resistance might be either frank
pathogens or commensal organismsthat colonize or cause
opportunistic infections. Additional complexity inrisk as-
sessment occurs from the mechanisms of drug resistance
becausethere often are multiple and overl apping biochemi-
cal mechanismsfor antimicrobid resistancefor agiven an-
timicrobial drug.

The CVM recently published in draft form its second
antimicrobial resistance risk assessment: Risk Assessment
of Sreptogramin Resistance in Enterococcus faecium At-
tributableto the Use of Sreptograminsin Animals(USFDA
2004). Inthisexercise, aprobabilistic risk assessment was
developed to link resistance to virginiamycin, afood ani-
mal streptogramin mixture, with possible resistance to
Synercid, adrug for treating human vancomycin-resi stant
Enterococcusfaecium(VREF) blood streaminfections. The
population at risk of VREF blood stream infections and,
therefore, of receiving Synercid, is predominantly hospi-
talized individua swho have received venousor centra line
catheters.

The streptogramin-resistant E. faecium (SREF) risk
assessment assembled dataon the rel ease of resistant SREF
among food animal populations, the exposure of humans
toretail meat and poultry possibly contaminated with SREF,
thetypesand prevaence of streptogramin resistance genes
among animal- and human-adapted E. faeciumstrains, and
the rates of Synercid resistance among hospitalized popu-
lations. Similar to most new applicationsof risk assessment,
there were many gaps in information and data that could
directly inform the initia estimates in the model. Thus,
CVM deve oped threemodeling approaches, using reason-
ablesurrogate datathat were gppliedin pardlel. Thesemod-
elswere based on dternative starting assumptions and data
from the National Nosocomial Infections Surveillance and
National Hospital Discharge Survey data bases from the
National Center for Health Statistics, the scientific litera
ture, and sales volume information for Synercid.

The SREF risk assessment required an assumption of
the potentid attribution for food animal sources of resis-

tance. The assumption, 10%, was derived from case-con-
trol studies on hospital Enterococcus infections in which
this proportion was typical for casesthat could not be ex-
plained by contact with hospital staff, equipment, or visi-
tors. Under this assumption, the 95th percentile estimate of
risk to the hospitalized population was estimated to range
from 0.06 x 10®%to 1 x 10®in 1 year , depending on which
of the three model s was used.

Although the draft SREF risk assessment includessig-
nificant remaining data and moddl uncertainty, neverthe-
less, risk managers are examining the results in conjunc-
tion with a parallel risk assessment from Austraia, and
information on the results of the European removal of
virginiamycin for growth promotion purposesin food ani-
mals several years ago. The CVM risk managers currently
are engaging stakeholdersin discussions about the signifi-
cance of the risk assessment results.

APPENDIX 2. Case Stupy: USDHHY
USDA LISTERIA MONOCYTOGENES Risk
ASSESSMENT

The Listeria monocytogenes Risk Assessment
(LMRA) was ajoint effort led by the U.S. Food and Drug
Administration's (FDA) Center for Food Safety and Nuitri-
tion (CFSAN) in collaboration with the U.S. Department
of Agriculture's(USDA) Food Safety and Inspection Ser-
vice (FSIS), and in consultation with the U.S. Centers for
Disease Control and Prevention (CDC). The LMRA was
commissioned in responseto apresidential request for fed-
eral agenciesto develop control plansto decrease listerio-
sis by 50% by the year 2005. The purpose of the assess-
ment was to identify which foods should receive the most
regulatory attention. Therisk assessment quantified for the
first time the magnitude of the differencesin the predicted
risk of listeriosisfor different ready-to-eat (RTE) foods. For
example, there was an almost 10 million-fold differential
between the risk associated with consumption of aserving
of deli meats(onecaseof listeriosisinevery 7.7 x 108 serv-
ings) and those associated with hard cheeses (one case in
every 4 x 10 servings).

To help risk managers characterize the uncertainty in
the risk predictions, a statistical technique referred to as
“cluster analysis’ was used. The simulation outputs (risk/
serving and risk/annum) for each of 23 categories of RTE
foods were grouped into clusters that subsequently were
sorted into atwo-dimensiona matrix. Risk managerswere
able to use the matrix to develop different approaches to
controlling listeriosisbased on there ativerisk and charac-
teristics of specific foods.

Although the LMRA purposely did not consider con-
tamination points along the pathways for the manufacture
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of individual foods, the models developed can be used to
estimate the likely impact of control strategies by chang-
ing oneor moreinput parametersand measuring the change
inthe modd outputs. This process, referred to as conduct-
ing “what if?" scenarios, can be used to explore how the
componentsof acomplex model interact. Inthe case of the
LMRA, scenarios were run to allow comparison of the
basdline cal culationsto new situationsthat might ariseasa
result of potential risk reduction strategies. One example
of a“what if?" scenario wasthat of the impact of assuring
that home refrigerators do not operate above 5°C (410F).
In this example, the distribution of home refrigerator tem-
peratureswastruncated and the modd rerun. Subsequently,
the predicted number of cases of listeriosis was lowered
from 2,105 to 28 cases per year. Based on this result, the
FDA continuesto emphasizein its consumer messagesthe
need to maintain home refrigerators at the proper operat-
ing temperature. The modelsand “what-if 7’ scenariosiden-
tified five factors that affect consumer exposure: (1)
amounts and frequency of consumption of an RTE food,
(2) frequency and levelsof Listeriainfood, (3) potential of
the food to support growth of Listeria during refrigerated
storage, (4) refrigerated storage temperature, and (5) dura
tion of refrigerated storage before consumption.

The scientific evaluations and mathematical models
developed for the LMRA provided asystematic assessment
of the scientific knowledge needed to evaluate the effec-
tiveness of current policies, programs, and practicesand to
identify new strategies for minimizing the public health
impact of foodborne L. monocytogenes. The LMRA was
the basis of the revised FDA/CDC Action Plan to reduce
listeriosis. Moreover, the assessment provided a founda
tion to assist future evaluations of the potential effective-
ness of new strategiesfor controlling foodbornelisteriosis.
The LMRA isbeing used to evaluate and revise the provi-
sionsinthe Food Codethat address preventive controlsfor
L. monocytogenesin retail and foodservice establishments.
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