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Introduction

In recent years, risk assessment techniques have been in-
creasingly used by national governments and international
bodies to provide a framework for discussing the scientific
facts and issues related to food safety issues. Risk assessment
provides a structured approach for organizing and evaluating
data that is both “transparent” and provides a means for mea-
suring the uncertainty associated with the findings. In the past,
food safety risk assessments have been primarily limited to
the determination of the levels of specific chemicals that can
be introduced into the food supply without having an adverse
impact on public health. Microbiological food safety con-
cerns had been historically considered too complex to be
amenable to anything more rigorous than highly qualitative
safety evaluations. However, advances in predictive food safety
microbiology over the preceding 10 years laid the founda-
tion for the development of microbial risk assessment meth-
ods. Thus, the past 5 years has seen an increasing number of
reports in the scientific literature establishing microbial food
safety risk assessment as a developing science.

Examples of Quantitative Microbial Risk
Assessments

Early attempts to assess the risk associated with infectious
biological agents focused on drinking water (Macler and Regli,
1993). The impetus for this initiative was the need to assess
the relative risks associated with bacterial, viral, and proto-
zoan contamination against those associated with use of the
disinfectant chemicals (e.g., chlorine) used to eliminate them.
The general approach was to establish a target tolerable risk
(e.g., less than one Giardia infection per 10,000 people per
year), and then conduct a risk assessment to evaluate the ability
of current water treatment approaches to meet that goal. A
series of risk assessments were done for enteric viruses, bac-
teria, and protozoa (Gerba and Haas, 1988; Rose and Gerba,
1991; Rose et al., 1991). While an important step in estab-

lishing the efficacy of quantitative risk assessment, these ini-
tial quantitative assessments focused largely on establishing
dose-response relations, and were relatively simplistic in re-
gard to exposure assessments (Gale, P. 1996). They did not
consider factors affecting exposure such as pathogen distri-
butions in the raw water or the changes in pathogen levels
likely to occur as a result of water treatment and distribution.

An extension of this approach was used to conduct a quan-
titative assessment of the risk of acquiring a viral infection
from the consumption of contaminated raw shellfish (Rose
and Sobsey, 1993.). A non-threshold model for infection was
employed for the dose-response assessment which included
a consideration of the probability of infection, morbidity, and
mortality. Subsequently, Todd and Harwig (1996) conducted
a series of semi-quantitative risk assessments to characterize
the risk associated with the consumption of four food classes.

One of the first attempts to assess the microbiological risks
associated with a food process was a quantitative hazard as-
sessment for L. monocytogenes in milk processing that was
conducted to evaluate the efficacy of current milk production
and pasteurization practices (Peeler and Bunning, 1994). Six
key production or processing factors were identified. Using
this hazard assessment, the investigators concluded that there
was less than a 2% probability that one L. monocytogenes
would occur in 5.9 × 1010 gallons of pasteurized milk. Cassin
et al. (1996) commented that this value was likely an overes-
timation of the risk due to the methods used to calculate overall
risk. They recommended the use of Monte Carlo simulation
techniques to achieve a more accurate estimate.

Buchanan and Whiting (1996) proposed that dynamic risk
assessment models could be developed to link exposure and
dose-response models. Using a hypothetical example, they
demonstrated that initial raw product pathogen distribution
data could be coupled to predictive microbiology models to
provide a dynamic exposure model. The results from the ex-
posure model then served as the input for dose-response
models. They further demonstrated that this approach could
be used to characterize complex, multiple step processes us-
ing Monte Carlo techniques. While different terms have been
coined by various investigators (e.g., process risk model (Cassin
et al., 1998), dynamic fault tree model (Marks et al., 1998)),
“product/pathogen pathway analyses” have been the basis for
many of the quantitative microbial risk assessments reported
recently. They have in common the use of a series of probabi-
listic and stochastic predictive microbiology models to de-
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scribe factors affecting exposure, and then using the result of
the exposure assessment as the input for dose-response mod-
els as a means of linking exposure to human health impact.

Three areas that have received a great deal of attention in
relation to being the subject of microbial risk assessment re-
search have been S. enteritidis in eggs and egg products, L.
monocytogenes in ready-to-eat foods, and enterohemorrhagic
E. coli in ground beef.

Salmonella Enteritidis

The simultaneous emergence of egg-associated S. enteriti-
dis outbreaks in Europe and North America stimulated sev-
eral attempts to identify and quantify the risk factors that con-
tribute to the incidence of human health problems. The
sporadic nature of contamination in combination with the
complexity of how eggs are produced, processed, distributed,
prepared, and consumed has led to a need for methods to
compare control strategies to determine which are likely to
be effective both in terms of public health assurance and eco-
nomics. Using production, survey, and epidemiological data,
Todd (1996) used a traditional risk assessment approach to
evaluate the increased risk associated with the use of cracked
eggs in Canada. This included an assessment of potential risk
management options. As a means of demonstrating the use of
predictive microbiology to achieve dynamic microbial risk
assessment models, Whiting and Buchanan (1997) performed
a product/pathogen pathway analysis to quantify the risk of
acquiring a S. enteritidis infection from homemade mayon-
naise made from pasteurized liquid whole eggs. This
eleven-step model incorporated factors from farm (e.g., % of
infected flocks) to consumer (e.g, serving size, duration and
temperature of home storage). The model allowed the effects
of changes in a variety of environmental, formulation, and
raw material variables on the infection probability profile to
be readily calculated. More recently, a multi-disciplinary team
from the U.S. Department of Agriculture completed an as-
sessment of the risk of acquiring salmonellosis from shell eggs
and egg products (Baker et al., 1998). This assessment ex-
pands previous efforts by considering a range of products and
practices, and by the inclusion of cost-benefit estimates for
different control strategies.

Listeria monocytogenes

The establishment of “non-zero” microbiological criteria
for L. monocytogenes in ready-to-eat foods has been a sub-
ject of debate. The lack of a clearly defined threshold value
for L. monocytogenes infections among susceptible popula-
tions has been the area of concern. It is unlikely that human
dose-response data can ever be acquired (Buchanan et al.,
1997), so alternative approaches to determining dose-response
relations have been investigated (Buchanan et al., 1997; Farber
et al., 1996) to estimate the risks associated with different
levels of contamination. Several qualitative and
semi-quantitative assessments of survey and epidemiological
data have suggested that the risks associated with the low
levels of L. monocytogenes often found in ready-to-eat foods

are minimal and that they are inconsequential in relation to
public health strategies (Buchanan et al., 1997; Farber et al.,
1996; Hitchens, 1996.). Based on a risk evaluation of these
data and assessments, ICMSF (1996) proposed a microbio-
logical criterion of 100 cfu/g be established for L.
monocytogenes. Miller et al. (1997) demonstrated how a
combination of microbial risk assessment models, predic-
tive microbiology models, and simulation modeling tech-
niques could be used in HACCP programs to establish criti-
cal limits and other process criteria that would assure that
the microbiological criterion proposed by ICMSF would be
consistently met.

Enterohemorrhagic Escherichia coli

The association of highly infectious enterohemorrhagic E.
coli with ground beef has also stimulated the use of risk as-
sessment and predictive microbiology techniques to identify
important risk factors and to evaluate potential control strat-
egies. Marks et al. (1998) developed a dynamic quantitative
risk model for factors contributing the overall risks associ-
ated with the production and consumption of ground beef.
Cassin et al. (1998a) developed a dynamic model for ground
beef production and consumption; however, they expanded
their model to include factors that contribute to the con-
tamination of beef during slaughter operations. Zwitering and
Hasting (1997a, b) modeled the steps in ground beef manu-
facturing operations. They used process engineering simula-
tion modeling in combination with predictive microbiology
models to quantify the contributions that individual steps have
on the overall risks associated with the process. They con-
cluded that this approach would be applicable to both the
development of quantitative microbial risk assessments, and
the establishment of critical control points and their critical
limits for HACCP programs.

In addition to the three pathogens above, a limited num-
ber of quantitative microbial risk assessments have been at-
tempted with other microorganisms, including Bacillus cereus
(Zwitering et al., 1996), Salmonella on pork carcasses
(Berends et al., 1996a, 1996b, 1997), and Salmonella on
broilers (Oscar, 1997), and the presence of Taenia saginata
on New Zealand beef (van der Logt et al., 1997)

The cited studies should not be considered all inclusive.
New research articles are published monthly that describe
advances in the techniques for microbial risk assessments.
In addition, several large microbial risk assessment are cur-
rently underway by different Federal agencies. The FDA is
currently conducting two formal risk assessment on micro-
biological issues. The first is a risk ranking exercise being in
done in collaboration with the USDA FSIS to identify the
foods that pose the greatest risk to consumers in relation to
foodborne L. monocytogenes. The assessment will focus on
the total dietary exposure to the pathogen and whether the
risk of listeriosis is effectively limited to products with el-
evated levels of the organism. It will also examine the effect
of specific food characteristics such as ability to support the
growth of L. monocytogenes and the duration of refrigerated
storage. The second risk assessment is product/pathogen path-
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way analysis examining the transmission of Vibrio
parahaemolyticus via raw molluscan shellfish conducted in
collaboration with the National Marine Fisheries Service. The
assessment is being undertaken to analyze the effectiveness
of current microbiological standards for reopening contami-
nated shellfish beds. The project also includes an evaluation
of the public health significance of the emergence of new,
potentially more virulent pathogenic isolates of V.
parahaemolyticus.

Chemical Versus Microbial Food Safety Risk
Assessments

The overall goal of conducting quantitative risk assessments
related to microbiological and chemical concerns of foods is
the same; that is estimating the risks associated with hazards
in the food supply. However, unique characteristics associ-
ated with foodborne microbiological hazards make micro-
bial risk assessments simultaneously easier and more difficult
than assessments conducted for food chemical hazards. Un-
derstanding these differences leads to understanding the
strengths and limitations of microbial risk assessment. Some
of the characteristics that make microbiological assessments
different from chemical assessments are:

(1) Microbial risks are generally the result of single exposures.
Each exposure to a pathogen or its toxin represents an
independent, non-cumulative event. This is in compari-
son to chemical risk assessments where one of the pri-
mary focuses is the cumulative effects of carcinogens and
other long-term chemical toxicities. Even chronic sequelae
associated with pathogens is generally the result of a single
exposure. Multiple exposures over time lead to the devel-
opment of immunity and thus lessen overall risks.

(2) The response of humans to infectious pathogens is highly
variable. This variability reflects the variability in the im-
mune status of humans. Individuals within the population
can range from highly resistant to extremely susceptible
depending on their genetics, age, physiological status, and
a variety of other biological and socioeconomic factors
that influence the complex systems that enable the body
to protect itself against infection. A classic example is the
use of vaccines. While the general population might be
highly susceptible to a disease agent such as measles, the
risk of adverse effects becomes diminishingly small for any
segment of the population that has been protected by prior
vaccination.

Since the disease process for infectious agents involves
their multiplication in the host, there is often little correla-
tion between the levels of the pathogen ingested and the
severity of the disease response, particularly when con-
sidering exposures to low doses of the biological agent
(Haas, 1983; Crockett et al., 1996). Secondary infections
resulting from the person-to-person spread also have be
considered when estimating the risks associated with highly

infectious biological agents (e.g., enterohemorrhagic E. coli,
Shigella, Salmonella typhi).

 (3)The levels of many toxic compounds in foods are rela-
tively stable or decline over time as a result of degradation
or dilution. The same is true for certain classes of microor-
ganisms. Pathogenic bacteria can increase a billion-fold
in less than a day if a meat product was temperature
abused. Conversely, pathogen numbers can decrease a
billion-fold in minutes as a result of a simple cooking step.
This potential for changes in pathogen levels, and the ac-
companying need to consider the incidence of abuse and
related factors greatly complicates exposure assessments,
that is, the number of pathogen cells or amount of micro-
bial toxin actually ingested by consumers.

(4) Microorganisms are dynamic and adaptable. Two isolates
of the same species can have highly disparate disease ca-
pabilities. For example, most E. coli are non-pathogenic,
but specific isolates such as E. coli O157:H7 are associ-
ated with life threatening diseases. The virulence of iso-
lates can be also affected by the food matrix in which they
are present. Thus, microbial risk assessments must deal
with the biovariability of the pathogen, the host, and the
food.

(5) Microbiological risk assessments differ from chemical risk
assessments in relation to the emphasis placed on the haz-
ard identification phase of the assessment. Most food
chemical risk assessments are associated with the
“pre-market approval” of compounds that that will either
be purposefully added to foods or that inadvertently get
there as a result of environmental contamination. Con-
versely, most microbiological risk assessments are associ-
ated with post-market considerations.

(6) Disease reporting systems for several well known
foodborne pathogens provide a potential means for vali-
dating risk assessment models that is generally not avail-
able for most food chemicals.

Methods for Microbiological Risk Assessments

There are a variety of potential methods that could be
employed for conducting microbial risk assessments, but in
general these are likely to fall into two broad categories: risk
ranking or product/pathogen pathways.

Risk Ranking

As the name implies, risk ranking is a process for ranking
hazards in relation to the impact they have on public health.
This is most often used as a means of setting priorities when
multiple public health concerns are competing for limited
resources. It is also used to identify those segments or attributes
of a highly complex problem that warrant first consideration.
Risk ranking exercises can be either qualitative or quantita-
tive. While quantitative assessments are preferable, lack of
knowledge, time, or resources may require the assessment to
be limited to qualitative considerations.
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Product/Pathogen Pathway Analysis:

The purpose of product/pathogen pathway analyses is to
identify the likely sources of a pathogen and elucidate the
impact that various activities associated with the production,
processing, marketing, and consumption of a food product
have on consumer risks. The basic approach in a product/
pathogen pathway analysis is to examine the pathway lead-
ing to the consumption of the product, starting with the raw
ingredients and including all production, processing, market-
ing, and consumption factors that have a substantial impact
on the final risk faced by the consumer. Like risk ranking,
product/pathogen pathway analyses can be qualitative or
quantitative. Fully quantitative analyses are generally per-
formed through the development of a dynamic model. Such
models are particularly useful for assessing the likely impact
of different risk management control options.

The ability to perform realistic product/pathogen pathway
analyses has become a reality due to developments in three
areas: the availability of software for personal computers that
provide investigators with powerful simulation modeling tools
such as Monte Carlo analysis (Vose, 1998; Cassin et al.,
1998b), the availability of predictive microbiology models that
allow microbiological behavior in foods and food processes
to be described mathematically (Buchanan and Whiting, 1996,
1998; Whiting and Buchanan, 1992; 1994; 1997), and the
development of models and data that can be used to describe
dose-response relations (Haas, 1983; Crockett et al., 1996;
Buchanan et al., 1997; Coleman and Marks, 1998). Product/
pathogen pathway analyses are increasingly being coupled
with cost benefit analyses to provide more detailed “risk man-
agement option assessments” to policy developers (Morales
and McDowell, 1998).

Frameworks for Microbial Risk Assessments

The rapid advances in quantitative microbial food safety
risk assessment during the last five years have been the direct
result of the acute need for these techniques at the national
and international levels. Even before techniques for conduct-
ing microbial risk assessments had been published, various
advisory bodies had begun considering how such informa-
tion could and should be acquired and used. The Council for
Agricultural Science and Technology strongly endorsed the
use of risk assessment techniques by government agencies to
focus microbial food safety initiatives (CAST, 1994, 1998). The
International Life Science Institute provided a general frame-
work for assessing risks associated with human exposures to
disease-causing agents (ILSI, 1996). The U.S. National Advi-
sory Committee on Microbiological Criteria for Foods devel-
oped a framework document for the use of risk assessment
techniques for illnesses caused by biological agents in foods
(NACMCF, 1998). The International Commission on Micro-
biological Specifications for Foods provided extensive guid-
ance on how risk assessment techniques could be applied to
microbiological issues for food in international trade (ICMSF,
1998). The Codex Committee for Food Hygiene has also re-
cently adopted a framework for the conduct of microbial food

safety risk assessment (CCFH, 1998), and that framework docu-
ment is currently before the Codex Alimentarius Commission
for adoption.

While using somewhat different terminologies, these frame-
work documents recommend a risk assessment framework
consistent with what has evolved for food chemicals (NRC,
1983). This includes four steps which consist of (1) a phase
for the identification and initial characterization of the haz-
ard, (2) determination of the population’s exposure to the haz-
ard, (3) elucidation of the relationship between exposure to
the hazard and the frequency and severity of adverse effects
in the population, and (4) an integrated characterization of
the risks associated with the hazard. These steps are not nec-
essarily sequential; steps 2 and 3 often considered simulta-
neously and then integrated in step 4.

Concluding Remarks

Quantitative microbial food safety risk assessment is emerg-
ing as a powerful new tool for evaluating complex issues as-
sociated with food safety, food hygiene, domestic and inter-
national trade, and food standards. The importance of this in
relation to efforts to ensure that Federal regulation are
“science-based” and “risk-based” is reflected in this area be-
ing specifically highlighted in the President’s Food Safety Ini-
tiative, and the establishment of risk assessment groups in all
Federal agencies associated with the assessment or manage-
ment of food safety risks. However, like most new concepts,
the use of microbial risk assessment must be carefully man-
aged to insure that less than rigorous use of the techniques
does not discredit this approach before it has a chance to
become more widely accepted. This is particularly true for
applications to issues related to international commerce. The
disparate capabilities among countries to conduct quantita-
tive microbial risk assessments is a potential barrier to accep-
tance of these techniques. Microbial risk assessments cannot
be viewed is a “high-tech” tool that is used by developed
countries as a means for forcing their positions on developing
countries. The establishment of an independent expert panel
as a means for avoiding this potential problem is currently
being considered by WHO and FAO.
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