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Triangular distribution with minimum a, mode b and maximum c

TruncatedNormal(, o; a, b) Truncated normal distribution i.e. N(x, o) restricted to the domain

Uniform(a, b)
Beta-Pert(a, b, ¢)

Weibull(a,b)

[a, b]

Uniform distribution from a to b

Beta-Pert distribution with minimum a, most likely value b and
maximum value c

Weibull distribution with shape a and scale b



Summary

Background

Listeria monocytogenes is a widely occurring pathogen that can be found in agricultural and food
processing environments. Ingestion of L. monocytogenes can lead to the development of
listeriosis, which may affect only in the gastrointestinal tract, but can invade other parts of the
body (referred to as “invasive listeriosis”), with consequences that may include septicemia,
meningitis, encephalitis, spontaneous abortion, and stillbirth. Epidemiological data show that
listeriosis has one of the highest hospitalization rates and one of the highest case fatality rates
among foodborne diseases in the United States (Mead et al. 1999; Scallan et al. 2011). Serious
illness occurs preferentially in people considered as more susceptible, such as the elderly and
those who have a pre-existing illness that reduces the effectiveness of their immune system, and

in pregnant women (Rocourt 1996; Goulet et al. 2012).

The U.S. and Canada have experienced sporadic illnesses and outbreaks of listeriosis associated
with the consumption of cheeses, including soft-ripened cheese. Both the U.S. Department of
Health and Human Services / Food and Drug Administration (FDA) and Health Canada — Santé
Canada (HC-SC) / Food Directorate continue to evaluate the safety of soft cheese, particularly

soft cheese made from unpasteurized milk.

The Listeria monocytogenes in soft-ripened cheese risk assessment evaluates the effect of factors
such as the microbiological status of milk, the impact of cheese manufacturing steps on
L. monocytogenes levels, and conditions during distribution and storage on the overall risk of
invasive listeriosis to the consumer, following the consumption of soft-ripened cheese in Canada
and in the U.S. The risk assessment makes it possible to evaluate the effectiveness of some

process changes and intervention strategies in reducing risk of illness.

A draft interpretive summary, draft report, draft appendices, and the draft Analytica® model were
made available, on February 8, 2013, for public comments (Federal Register, VVol. 78, No. 28, pp
9701-9702). The comment period closed April 29, 2013. We received 96 comments. We



considered the comments that pertained directly to the risk assessment and have responded to
them in a separate document.* Some of the revisions to the draft of the full risk assessment report

were made in response to these comments.

Scope and General Approach

The Listeria monocytogenes soft-ripened cheese risk assessment focuses on the source(s) of
L. monocytogenes contamination, the effects of individual manufacturing and/or processing
steps, and the effectiveness of various intervention strategies on the levels of L. monocytogenes
in the product as consumed and the associated risk of invasive listeriosis. The scope of this

quantitative microbial risk assessment is:

e Pathogen of Concern: Listeria monocytogenes.

e Food(s) of Concern: Soft-ripened cheese.

e Populations of Interest: The general populations of the U.S. and Canada, and

subpopulations identified as at-risk in both countries (i.e., pregnant women,
immunocompromised individuals and the elderly population).

e Endpoint(s) of concern: Invasive listeriosis.

e Risk metric: The probability of invasive listeriosis per soft-ripened cheese serving.

The risk assessment follows Codex alimentarius, U.S. and Canadian recommendations (Codex
alimentarius Commission 1999; Health Canada Decision Making Framework 2000; CFSAN
Risk Analysis Working Group 2002). It comprises hazard identification, hazard
characterization, exposure assessment and risk characterization components (Codex

alimentarius Commission 1999).

The primary metric used in this report is the risk per serving of soft-ripened cheese. A fully

quantitative approach is taken and mathematical / probabilistic modeling is employed to estimate

! Joint FDA / Health Canada Quantitative Assessment of the Risk of Listeriosis from Soft-Ripened Cheese
Consumption in the United States and Canada: Replies to Public Comments available at

http://www.fda.gov/Food/FoodScienceResearch/RiskSafety Assessment/



http://www.fda.gov/Food/FoodScienceResearch/RiskSafetyAssessment/

the risk per serving of soft-ripened cheese in both countries, as well as to test the effects of some
alternatives on those risks, as requested in the management charge (see Appendix,® section
“Charge developed by the Risk Manager Team”). A second-order (or two dimensional) Monte-
Carlo simulation is used (Frey 1992). This framework lets one evaluate separately the variability
(from serving to serving, from subpopulation to subpopulation, from country to country) in the
risk estimates and the uncertainty about those estimates of variability in the risk that accrues

from, particularly, data uncertainty.

The model structure is based on literature data, previous risk assessments (Bemrah et al. 1998;
FDA/FSIS 2003; FAO/WHO 2004; Sanaa et al. 2004) and expert sources (Health Canada,
Bureau Microbial Hazards; FDA CFSAN). Data were obtained from the literature (see section
“References”), from government nutrition surveys (National Center for Health Statistics 2003-
2004; Statistics Canada 2004), from a specific survey on home storage time and temperature
practices (RTI International et al. 2005) and from specific expert elicitations (CFSAN 2008;
IDFA 2008).

This summary provides an overview of the methods used and the main results of this risk
assessment. The major reference remains the body of this report and its appendices. The reader
should refer to the specific sections for details on the model, the results of the risk assessment

and limitations on interpretations.

Risk Assessment

Hazard Identification
The biology, pathology, and ecology of L.monocytogenes and the epidemiology of
L. monocytogenes as a foodborne hazard have been extensively described in previous risk
assessments (FDA/FSIS 2003; FSIS 2003; FAO/WHO 2004) and in the microbiological
literature (e.g. Swaminathan and Gerner-Smidt 2007). Only a summary of this information is
presented in the report (see section 4, “Hazard Identification”).

2 Available at http://www.fda.gov/Food/FoodScienceResearch/RiskSafety Assessment/
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Hazard Characterization
In this risk assessment, the “Elderly” population, the “Pregnant women” population, and the
“Immunocompromised” population are considered as “susceptible,” following FAO/WHO
(2004). The “Immunocompromised” population is deemed to include individuals like those in
the “General” population except for a medical condition that makes the individuals more

susceptible to invasive listeriosis.

The FAO/WHO (2004) models are used as dose-response models to evaluate the probability of
invasive listeriosis following the ingestion of a given dose of L. monocytogenes. These models
are exponential models (Haas et al. 1999, p. 264-266) and their parameterization uses the
FAO/WHO (2004) inferences from epidemiological data (Mead et al. 1999) and the detailed
exposure assessment developed in the U.S. (FDA/FSIS 2001). These models have a single
parameter, r, which one commonly interprets as the probability that a single cell will cause
invasive listeriosis in an individual at random. In this risk assessment, one value of the parameter
r, point estimate 1.06 x 10™2, is used for the Elderly, Immunocompromised and Pregnant women
populations (i.e. the “susceptible population” (FAO/WHO 2004)), and another value of the
parameter r, point estimate 2.37 x 10™, is used for the remaining “General” (“non-susceptible”
(FAO/WHO 2004)) population (see Table 2.17, p. 56 and Table 2.20, p.58, FAO/WHO 2004).
An uncertainty distribution is associated with the r parameters when uncertainty is considered in

the model (see section 5, “Hazard Characterization™).

Exposure Assessment
A full “farm-to-fork” product pathway or process model is developed to address the questions
posed by the management charge (see section 6, “Basic Processes” and section 7, “Exposure
Assessment” and Appendix, section “Charge developed by the Risk Manager Team”). A
pasteurized-milk soft-ripened cheese baseline model and a raw-milk soft-ripened cheese baseline

model serve as reference cases to compare the risk under other alternative scenarios.



Pasteurized-Milk Cheese Baseline Model
The pasteurized-milk cheese baseline model considers the manufacture of a Camembert-like
soft-ripened cheese, as a representative example of soft-ripened cheese, made from pasteurized
milk, using the stabilized cheese process (Kosikowski and Mistry 1987; Lawrence et al. 1987).
From this point onwards, if a reference is made in this report to “pasteurized-milk cheese” or
PMC in the context of the risk assessment model structure or its outputs, the reference is made to

include soft-ripened cheese.

It is assumed that all bacteria present in the milk are definitively inactivated during the
pasteurization step. In this baseline scenario, contamination with L. monocytogenes happens
from environmental L. monocytogenes in the processing plant and contamination occurs after the
ripening phase and before packaging. No other contamination (e.g. at store or at home) is
considered in this baseline scenario or in other scenarios. The frequency and level of
L. monocytogenes in-plant contamination is inferred from detection and enumeration data
obtained by Gombas et al. (2003) on soft-ripened cheeses at retail in two U.S. FoodNet sites and

a “back-calculation” procedure to derive the distribution of the level of in-plant contamination.

Bacterial growth is modeled from the point of contamination to the point of consumption. The
full growth model includes the lag time in the growth when bacterial contamination comes from
the environment and includes a specific model for growth in a solid medium such as cheese.
Growth parameters —lag time, growth rate and maximum population density- are inferred from
meta-analyses of literature data (see section 6.1, “Growth”). Bacterial growth is affected by the
temperature and the storage time during aging, during transport and marketing, at retail and at
home. Time and temperature profiles are derived from specific studies and from expert
elicitation (RTI International et al. 2005; CFSAN 2008; IDFA 2008). Due to a lack of specific
national data, cheese processing, time and temperature during aging, transport and marketing and

at retail are considered to be the same in both countries.

Soft-ripened cheese serving size distributions are inferred from data from government nutrition
surveys in Canada and the U.S. (National Center for Health Statistics 2003-2004; Statistics
Canada 2004).



Table 1 summarizes. In it, we show how much the model specification differentiates among

subpopulations and countries:

Bulk milk prevalence is specific to Canada and U.S.;

L. monocytogenes levels in contaminated milk, growth in milk and growth in cheese are
common to Canada and U.S.;

Milk and cheese processing is common to Canada and U.S.;

Transport and marketing, and retail storage data are from U.S. sources and are
extrapolated to Canada;

Home storage time and temperature data are from U.S. sources and are extrapolated to
Canada;

Serving size distributions are inferred from countries’ national nutrition surveys;

Dose response function parameterizations are common to Canada and U.S. and

distinguish susceptible and non-susceptible populations.



Table 1: Level of variability considered in terms of process, data and estimates, according to subpopulations
and country.

The same letter and case indicates that the same data and distribution model are used for the considered
subpopulations. Variability specifications also include a full or at least a partial model of data uncertainty.

Process / Data / Canada: Canada: Canada: Canada: United United United United

Estimates Elderly Pregnant IC* General States: States: States: States:
women Elderly Pregnant IC* General

women

L. monocytogenes A A A A B B B B

contamination in

farm

L. monocytogenes C C C C C C C C

contamination
during processing

Milk and Cheese D D D D D D D D
processing,
transport and
marketing, from
farm to retail
(inclusive)

L. monocytogenes E E E E E E E E
growth model and
parameters

Storage time at F G H H | J K K
home

Storage L M N N L M N N
temperature at
home

Serving size 0] P

cO
cO
<=
<
X
X

Resulting S T
exposure
assessment

Dose Response Y Y Y Z Y Y Y Z

Resulting Risk a b C d e f g h
Assessment

* Immunocompromised.

Raw-Milk Cheese Baseline Model
An alternative baseline deals with the manufacture of a Camembert-like soft-ripened cheese
made from raw milk, using the traditional process (Sanaa et al. 2004). From this point onwards,
if a reference is made in this report to “raw-milk cheese” or RMC in the context of the risk

assessment model structure or it’s outputs, the reference is made to include soft-ripened cheese.

Following others (Bemrah et al. 1998; Sanaa et al. 2004), this model for raw-milk soft-ripened
cheese includes a farm model considering two sources of contamination: environmental
contamination on farm, and contamination from mastitic cows. Distributions for bulk tank
prevalence are inferred from meta-analyses of farm bulk tank surveys done in Canada and in the

U.S. A distribution for the levels of contamination in contaminated bulk tank milk is inferred



from the scientific literature (see section 7.1, “On Farm”). Growth in milk during farm tank
storage, tanker truck transport and dairy silo storage is modeled using growth parameters in milk
from the literature. Specific bacterial growth and inactivation during the cheese processing
(ripening) are inferred from the literature on that subject (Ryser and Marth 1987; Back et al.
1993; Sanaa et al. 2004; Ryser 2007; Liu and Puri 2008; Liu et al. 2009). Growth in cheese
during ripening is modeled using environmental parameters of “traditional process” (Sanaa et al.
2004), in contrast to the “stabilized process” used for industrialized cheeses in the pasteurized-
milk cheese baseline (Kosikowski and Mistry 1987; Lawrence et al. 1987). The post-ripening
process for raw-milk cheeses is the same as for pasteurized-milk cheeses except that raw-milk
cheeses are stored for a minimum of 60 days from the date of the beginning of the manufacturing
process at a temperature of at least 2°C (35°F), according to Canadian and U.S. regulations
(Food and Drugs Act B.08.030, B.08.043, B.08.044°% and 21 CFR 133.182(a)”, respectively). In
the raw-milk cheese baseline, milk is collected for cheese-making from a single herd, on the
farm where the cheese-making operation resides (farmstead-scale operations). Artisanal-scale
operations, where milk for cheese-making is collected from 2 farms and pooled, is also
evaluated, but is not used as a baseline for purposes of this risk assessment.

Alternative Scenarios
For raw-milk cheeses, other alternatives are evaluated and compared to the baseline, pasteurized-
milk cheese case and to the baseline raw-milk cheese case. These alternatives are:

e Apply an unspecified procedure that reduces the bacterial load in milk by 3 logio, 4 l0g10 ,
5 logsp or 6 logsg (i.e. an average 1,000-fold; 10,000-fold; 100,000-fold or 1,000,000-fold
reduction in the concentration, respectively);

e Apply an unspecified antimicrobial substance that reduces the surface L. monocytogenes

contamination by 2 logs (i.e. an average 100-fold reduction in the concentration);

® http://laws-lois.justice.gc.ca/eng/regulations/C.R.C.,_c._870/index.html

* http://www.accessdata. fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?cfrpart=133



e Remove the 60-day aging regulation in place in Canada and in the U.S. for soft-ripened
cheese; in that alternative, raw-milk soft-ripened cheeses are aged for the same lengths of
time as pasteurized-milk soft-ripened cheeses;

e Test 25 ml of raw milk from the farm tank, from the tanker truck or from the dairy silo,
and remove the detected L. monocytogenes positive units;

e Testasample of 25 g from 5 cheeses of every cheese lot°, and remove the detected

positive lots.

Another evaluated alternative is the implementation of a testing procedure for lots of

pasteurized-milk cheeses.

Following Codex alimentarius, U.S. and Canadian recommendations, evaluations of the
availability, feasibility and cost of mitigations is done, not as part of the risk assessment (this
report), but externally to the risk assessment, as part of the risk management that the risk
assessment would inform. For example, the risk assessment does not consider the availability of
a specific milk mitigation alternative that achieves a 3-6 logip reduction in L. monocytogenes
concentration in bulk milk, nor the feasibility of testing some or all bulk milk prior to cheese
making, nor the availability of an antimicrobial agent, nor the cost of testing some or all cheese

lots.

For the baseline models and the alternatives, the exposure assessment outputs are the distribution
of the frequency of contaminated servings and the distribution of the number of

L. monocytogenes per contaminated soft-ripened cheese serving. These distributions vary among

® This protocol is considered for risk assessment purposes as representative of a typical protocol likely to be
used by manufacturers. It is more sensitive (less false negative results) than sampling a single analytical
portion of 25 g from the same lot. Nevertheless, it is different from, and less sensitive than the composite
protocol (i.e. 50 g from each of 5 cheeses for each composite and two composites from the lot)
recommended in the FDA Bacteriological Analytical Manual (BAM) (FDA 2011) for the detection of

Listeria monocytogenes in cheese products that is typically used for regulatory purposes.



subpopulations and between countries, as a result of the propagation of different serving size,

home storage time and home storage temperature distributions.

The exposure assessment results suggest very high variability in the number of L. monocytogenes
at the time of consumption amongst contaminated servings®:

¢ the prevalence of contaminated servings is predicted to be about 0.6-0.7% (6-7 per 1000
servings) for pasteurized-milk cheese, all from environmental contamination, and the
prevalence of contaminated servings is predicted to be 3.2% for raw-milk cheese made in
Canada and 4.7% for raw-milk cheese made in the U.S.;

e for the Canadian Elderly population, 50% of contaminated servings of pasteurized-milk
cheese are predicted to have 17 or less cfu/serving; 90% of contaminated servings are
predicted to have less than 5,135 cfu/serving;

o for pasteurized-milk cheese and raw-milk cheese, few servings are predicted to be
heavily contaminated, for example, at levels that reach the maximum population density

of L. monocytogenes.

Risk Characterization
The outputs from the exposure assessment are combined with the dose-response model to
develop the risk characterization outputs (see section 8, “Risk Characterization (Method)”).
Combined with the dose-response models used for the “susceptible” and the “non susceptible”
populations, risk estimates differ among the Elderly, the Pregnant women, the
Immunocompromised and the General populations and between the two countries (Table 1,
Table 2). The major outputs of the baseline models are expressed as the risk of invasive
listeriosis per soft-ripened cheese serving at random, in a specified population (Canada or U.S.;
Elderly, Immunocompromised, or Pregnant women population and General population). The risk
outputs for alternative scenarios are described also by the ratio of the mean risk of invasive

listeriosis per serving for the considered alternative scenario to the mean risk of invasive

® Results provided in this summary are for the pasteurized-milk cheese and raw milk, farmstead operation scale
only; additional results for the artisanal-scale operation are provided in the report, notably section 7.1 “On farm” and

section 10, ‘Results of the Model Application Alternatives”.
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listeriosis per serving for the baseline, pasteurized-milk cheese case or the baseline, raw-milk
cheese case. A sensitivity analysis of the pasteurized-milk cheese baseline model is performed by

changing one parameter at a time or using classical Spearman’s rank correlation coefficients.

Pasteurized-milk cheese baseline model (see section 9, “Results of the Model
Application Examples™)
If no data uncertainty is considered, the predicted mean risk of invasive listeriosis from
consumption of a serving of pasteurized soft-ripened cheese per serving varies as
e 7.2x10° 1.8 x 10® 6.1 x 10 among the susceptible populations (Elderly, Pregnant
women and Immunocompromised, respectively) in Canada and 1.4 x 10 in the non-
susceptible population (General) in Canada; and,
e 7.3x10° 1.8 x 10® 5.2 x 10 among the susceptible populations (Elderly, Pregnant
women and Immunocompromised, respectively) in the U.S. and 1.2 x 10 in the non-

susceptible population (General) in the U.S.

These mean values correspond to one case of invasive listeriosis per
e 138 million servings in the Elderly population, 56 million servings in the Pregnant
women population, 163 Million servings in the Immunocompromised population and
7,290 Million servings in the General population, in Canada; and,
e 136 Million servings for the Elderly population, 55 Million servings for the Pregnant
women population, 193 Million servings for the Immunocompromised population and
8,644 Million for the General population, in the U.S.

Differences among subpopulations and between Canada and U.S. come from differences in the
characteristics that influence the risk: serving sizes, home storage characteristics and dose-

response.

Results from the second-order Monte-Carlo simulation for the pasteurized-milk cheese baseline
case suggest that the serving-to-serving variability in the risk largely overwhelms the data
uncertainty, as considered in this report. The sensitivity analysis suggests that the main factors

that influence the variability in the risk per serving among servings within the same
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subpopulation are the prevalence and the level of the initial environmental contamination during
cheese manufacture, and the amount of bacterial growth in cheese, particularly during home
storage. The main influential factor for our uncertainty about that variability is the dose-response

I parameter.

Alternative Scenarios (see section 10, ““Results of the Model Application
Alternatives™)
For populations in Canada, predicted mean risk per raw-milk soft-ripened cheese serving at
random varies as 3.8 x 107, 9.2 x 107, 4.2 x 107 among the susceptible populations (Elderly,
Pregnant women, Immunocompromised, respectively) and 9.5 x 10° in the non-susceptible
population (General). These values correspond to one case of invasive listeriosis per
2,600,000 servings eaten by individuals in the Elderly population, 1,100,000 servings in the
Pregnant women population, 2,400,000 servings in the Immunocompromised population and 105
Million servings in the General population. For the Elderly population in Canada, the predicted
mean risk of invasive listeriosis from consuming a raw-milk soft-ripened cheese serving at
random is 53 times higher than the mean risk for pasteurized-milk cheese and the mean risk is
52, 69 and 69 times higher for the Pregnant women, the Immunocompromised and the General

populations in Canada, respectively.

For populations in the U.S., the predicted mean risk per raw-milk soft-ripened cheese serving at
random varies as 8.2 x 107, 1.8 x 10® 8.1 x 107 among the susceptible Elderly, Pregnant
women and Immunocompromised populations, respectively, and 1.8 x10% in the
non-susceptible General population. These values correspond to one case of invasive listeriosis
per 1,200,000 servings eaten by individuals in the Elderly population, 570,000 servings in the
Pregnant women population, 1,200,000 servings in the Immunocompromised population and 55
Million servings in the General population in the U.S. This predicted mean risk of invasive
listeriosis from consuming a raw-milk soft-ripened cheese serving at random is 112, 96, 157 and
157 times higher than the mean risk for pasteurized-milk cheese for the Elderly, Pregnant

women, Immunocompromised and General populations in the U.S., respectively.
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Amongst all the evaluated alternatives for raw-milk cheeses, applying a procedure that reduces
the bacterial load in raw milk by 6 log;o and testing every raw-milk cheese lot are the only
alternatives that lead to a predicted mean risk per raw-milk soft-ripened cheese serving at
random lower than the one obtained in the pasteurized-milk cheese baseline scenario (Table 2).
The impact of testing raw-milk cheese lots is nevertheless very sensitive to the proportion of
cheese lots that are tested. The other alternatives are less efficient. Removing the 60 days
regulation reduces the predicted risk of invasive listeriosis following the consumption of raw-
milk soft-ripened cheese by a factor of approximately 1.5-2 for Canada and for the U.S.
compared to the baseline raw-milk cheese case. A 3 10910, @ 4 logio or a 5 logso reduction of milk
contamination before the cheese processing would reduce the predicted mean risk by a factor of
approximately 7.2 (Canada) or 10 (U.S.), 35 or 50, and 56 or 95 compared to the baseline raw-
milk cheese scenario, respectively, but would still lead to a higher mean risk than the one
estimated in the pasteurized-milk cheese baseline. The impact of a hypothetical substance (an
antimicrobial voluntarily added during the manufacture of the raw-milk cheese) that would
reduce the L. monocytogenes concentration present at the surface of the cheese by 2 log;o cfu
would provide a lower mean risk of invasive listeriosis per serving than estimated in the raw-
milk cheese baseline, but this risk would still be 50 and 86 times higher than the mean risk per
serving of pasteurized-milk cheese, as estimated in the pasteurized-milk cheese baseline, in
Canada and the U.S., respectively. For raw-milk cheeses, testing milk is less efficient than
testing cheese lots. Testing milk in the farm tank at every milking reduces the predicted mean
risk by a factor of approximately 24 in Canada and 37 in the U.S. compared to the baseline raw-
milk cheese scenario, which includes no bulk milk testing, and remains still more risky than the

pasteurized-milk cheese baseline case.

Finally, testing pasteurized-milk cheese lots has no, or little, impact on the predicted mean risk

for pasteurized-milk cheeses.
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Table 2: Impact of various alternatives on the predicted mean risk of invasive listeriosis per soft-ripened
cheese serving relative to the risk per serving of baseline cases for Elderly population in Canada and in the

u.S.

See table footnotes. See the report for all details and limitations.

Alternative Baseline: Baseline: Baseline: Baseline:
Pasteurized- Pasteurized-milk Raw-milk Raw-milk
milk cheese, cheese, cheese, Canada cheese,

Canada United States United States

Pasteurized-milk cheese, Baseline 1 (Reference) 1 (Reference) 0.019** = 1/53 0.009 =1/112

Raw-milk cheese, Baseline 53* 112 1 (Reference) 1 (Reference)

Raw-milk cheese, no 60 day aging 36 62 0.67=1/15 0.56=1/1.8

condition

Raw-milk cheese if a process that leads to a 7.4 11 0.14=1/72 0.10 =1/10

3 logyo reduction of the L. monocytogenes

contamination in incoming milk is applied

Raw-milk cheese if a process that leads to a 1.7 2.0 0.028 = 1/35 0.020 = 1/50

4 log,g reduction of the L. monocytogenes

contamination in incoming milk is applied

Raw-milk cheese if a process that leads to a 1.1 1.2 0.018 = 1/56 0.011 = 1/95

5 logyo reduction of the L. monocytogenes

contamination in incoming milk is applied

Raw-milk cheese if a process that leads to a 0.84=1/1.2 0.80=1/1.25 0.014 =1/71 0.008 = 1/125

6 log,o reduction of the L. monocytogenes

contamination in incoming milk is applied

Raw-milk cheese if a substance that reduces 50 86 0.83=1/1.2 0.82=1/1.2

the surface contamination by 2 logy, is

applied

Raw-milk cheese if the milk is tested in 2.2 3.0 0.042 =1/24 0.027 = 1/37

farm bulk tank, at every milking***

Raw-milk cheese if the cheese lots are 0.080 =1/12 0.134=1/74 0.002 = 1/658 0.001 =1/832

tested***

* Interpretation: “The mean risk of invasive listeriosis from a serving of soft-ripened cheese made from raw milk is 53 times the mean risk of
invasive listeriosis from a serving of soft-ripened cheese made from pasteurized milk for servings consumed by individuals from the Elderly
population in Canada”.

** Ratios <1: the mean risk of the alternative is smaller than the reference; this example, which is the same as the preceding one, could read: “The
mean risk of invasive listeriosis from a serving of soft-ripened cheese made from pasteurized milk is 0.019 times the mean risk of invasive
listeriosis from a serving of soft-ripened cheese made from raw milk for servings consumed by individuals from the Elderly population in
Canada”.

*** \Jolume tested: 25 ml for milk, 25 g made of 5 g from each of 5 cheeses at random for cheese lot; single L. monocytogenes detection
probability: 0.75, test frequency: 100% of farms, tankers, dairy silos, cheese lots, respectively. Detected positive units are removed from
production.

Limitation, Caveats and Data Gaps (see section 11)

The model and, as a consequence, the results and conclusions are limited to the considered
pathogen and the considered type of cheese. These results do not apply to other type of cheese
with different growth characteristics, such as hard cheese.

The inferences about prevalence and level of in-plant environmental L. monocytogenes

contamination in Canada and in the U.S. rely on a single study (Gombas et al. 2003). That study
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may provide incomplete information about the prevalence of contaminated lots and contaminated

cheeses within contaminated lots.’

There is a considerable uncertainty in the dose-response model. The sensitivity analysis shows
that, within the small part of the overall uncertainty that is considered here, the uncertainty
surrounding the r parameter of the dose-response model dominates all other sources of
uncertainty in the risk results. A part of this uncertainty is naturally discarded within this risk
assessment, when alternatives are compared to the baseline models. Nevertheless, the absolute
values obtained in this risk assessment should not be compared with other results obtained using

a different dose-response model without some caution.

Only a small part of the overall uncertainty is considered in this study, while it is recognized that
there are many other types of uncertainty in risk assessments. Total uncertainty includes
parameter uncertainty (measurement errors, sampling errors, systematic errors), model
uncertainty (uncertainty due to necessary simplification of real-world processes, mis-
specification of the model structure, model misuse, use of inappropriate surrogate variables), and
scenario uncertainty (descriptive errors, aggregation errors, errors in professional judgment,
incomplete analysis) (US EPA 1997). While our results suggest that the considered uncertainty is
less important than variability, absolute values should be considered with some caution.

Results rely also on extrapolations —over time, for example, from bulk tank surveys carried out in
the 1990s to current day farm bulk tank characteristics and from nutrition surveys done in the
early 2000s to present day; from a sampling population to the reference population of interest,
for example, from U.S. home storage data to Canada, from U.S. retail-level contamination levels
and frequency to Canada, from women of child-bearing age to pregnant women; and, from
laboratory to production-- from study populations to populations appropriate as a reference for

this study. Biases and uncertainty that those extrapolations introduce are unknown.

" We tested the impact of an (hypothetical) lower environmental contamination prevalence in the response to public

comments document.
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Sensitivity analyses to some key parameters are provided in the body of this document. Despite
the limitations identified above, we concluded that no critical data gaps impair the conclusions of
this risk assessment. For example, the exact processing may differ from one soft-ripened cheese
to another. However, the general conclusions - i.e. that the risk of listeriosis from consumption of
soft-ripened cheese made from raw milk is substantially larger than that for consumption of soft-
ripened cheese made from pasteurized milk, that the 60-day aging regulation actually increases
the risk of listeriosis for consumption of raw-milk cheeses, that a 6 log reduction (or equivalent)
of the contamination in milk is necessary to make raw-milk cheeses as safe from listeriosis as
pasteurized-milk cheeses, and that most other strategies are not sufficient by themselves - apply
to any soft-ripened cheeses in or on which Listeria monocytogenes can grow substantially. That
said, as with any risk assessments, additional data would likely decrease the uncertainty in the
risk estimates.

This risk assessment answers the management charge (see Appendix, section “Charge developed
by the Risk Manager Team”) set by the FDA and the Health Canada risk managers for soft-
ripened cheese. The results inform risk managers about managing risk of invasive listeriosis from

the consumption of soft-ripened cheese.
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1. Introduction

Listeria monocytogenes is a widely occurring pathogen that is frequently present in soil, sewage,
freshwater sediment and effluents; it can be found in agricultural food processing plants.
Ingestion of L. monocytogenes can lead to the development of listeriosis, with consequences that
may include septicemia, meningitis, encephalitis, spontaneous abortion, and stillbirth.
Epidemiological data show that listeriosis has one of the highest hospitalization rate and case
fatality among foodborne diseases (Mead et al. 1999; CDC 2008; Scallan et al. 2011).

The United States and Canada continue to experience sporadic illnesses and outbreaks of
listeriosis associated with the consumption of cheese, particularly soft and soft-ripened cheese.
Both the U.S. DHHS - Food and Drug Administration (FDA) and Health Canada - Santé Canada
(HC) continue to evaluate the safety of these cheeses, particularly cheese made from
unpasteurized milk. As part of this effort, FDA and HC carried out a quantitative risk assessment
to evaluate the effectiveness of and public health impact of processing and intervention strategies
to reduce or prevent L. monocytogenes contamination in soft-ripened cheeses. These cheeses are
of interest because of the large number of factors that affect risk (e.g., microbiological quality of
the source material, scale of operation, manufacturing practices), interest in international
distribution of cheese made under different conditions, and increasing interest in applying
alternative risk mitigation technology. In addition, outbreaks and recalls associated with cheese

have prompted a need to evaluate current and potential risk management strategies.

Specifically, the risk assessment considered the public health impact of:
e variations in L. monocytogenes levels in the raw materials used to produce cheese;
e changes in L. monocytogenes levels (i.e., growth, inactivation, or contamination) at each
step of the manufacturing process, between final packaging and sale at retail, and
between retail sale and consumption; and

e currently available and possible future intervention and control strategies.

17



The public health issues considered included:

e changes in the level of risk associated with the use of raw milk, pasteurized milk, or milk
treated by a process that achieves a 3 logio reduction in L. monocytogenes in cheese-
making;

e changes in the level of risk from modifications of, or deviations from, existing
manufacturing processes (including sanitation);

e changes in the level of risk associated with the use of new or additional interventions;

e changes in the level of risk associated with different conditions during transport,

distribution, and home storage.

In addition, the level of risk was evaluated for susceptible populations including the Elderly,

Pregnant women, and the Immunocompromised.
2. Background

2.1. Recalls, Outbreaks and Sporadic Cases Associated with L. monocytogenes in Soft-

Ripened Cheese

Listeria has been the most common microbial cause of recalls for cheese products in both the
U.S. and Canada. In the U.S. from 1986 to 2008 there were a total of 137 recalls of various types
of cheeses, of which 108 (79%) were Listeria-related. In Canada from 2004 through mid-2009
there were 15 cheese recalls, of which 11 (73%) were Listeria-related. A wide variety of cheeses
were involved in these recalls (Table 3). The three most common types of cheeses involved in
these recalls were fresh soft cheeses, which have previously been shown to be at high risk for
L. monocytogenes contamination (FDA/FSIS 2003), hard cheeses (which represent the largest

market share), and the soft-ripened cheeses.
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Table 3: U.S. and Canadian L. monocytogenes related cheese recalls.

Cheese Type u.S. Canada
(1986-2008) (2004-2009)
Hard 25 1
Fresh soft 24 5
Soft-ripened 22 1
Unknown / Undefined / Multiple 15 1
Semi-soft 13 2
Soft-unripened 3 0
Processed 6 1

Sources: Canadian Food Inspection Agency, U.S. Food and Drug Administration.

Table 4: Cheese associated Listeria outbreaks.

Year Location Implicated Cheese No. of lllnesses  Raw Milk Reference
(Deaths)*
1983-1987 Switzerland Vacherin Mont d’Or 122 (34) No (Bula et al. 1995; Norton
and Braden 2007)
1985 US. (CA) Queso fresco and queso 142 (48) Likely (or cross (CDC 1985; Norton and
cotija contamination) Braden 2007)
1989-1990 Denmark Multiple 26 (6) NS? (Jensen et al. 1994; Norton
and Braden 2007)
1995 France Brie de Meaux 37 (11) Yes (Goulet et al. 1995; Norton
and Braden 2007)
1997 France Livarot 14 Yes (Jacquet et al. 1998)
1999 France “Epoisses” like 3 Yes (AFSSA 2000, page 50)
2000 U.S. (NC) Queso fresco 13 (5 stillbirths)  Yes (MacDonald et al. 2005;
Norton and Braden 2007)
2001 Sweden Fresh cheese >120 Yes (Danielsson-Tham et al.
2004)
2001 Japan Washed cheese 86 No (Makino et al. 2005)
2002 Canada (QC) Multiple types 17 Y (Gaulin et al. 2003; Norton
and Braden 2007)
2003 U.S. (TX) Queso fresco 13(2) Yes (Norton and Braden 2007;
Swaminathan and Gerner-
Smidt 2007)
2005 U.S. (TX) Queso fresco 12 Yes (CDC 2005)
2005 Switzerland Tomme 103+2 Yes (Bille et al. 2006)
miscarriages)
2006 U.S. (OR) Unspecified No (CDC 2013a)
2006-2007 Germany Harzer Kase 189 (26) No (Koch et al. 2010)
2007 Norway Camembert 17 (3) No (Johnsen et al. 2010)
2008 Canada (QC) Multiple 38 (5) No (MAPAQ 2010; Gaulin et al.
2012)
2008 Chile Brie 91(5) NS (Promed 2008)
2008 US (multi State) Mexican-style asadero 8 (0) No (Jackson et al. 2011) (CDC
cheese 2013c) }
2009 US (multi-state) Mexican-style 8(3) No {CDC, 2013 #1958
2009-2010 Austria,Germany,Czech Quargel acid- 34 (8) No (Fretz et al. 2010a; Fretz et
Republic cured cheese al. 2010b; Schoder et al.
2012)
2009 US (multi-State) Mexican-style cheese 18 (0) No (CDC 2013a; CDC 2013c)
2010 US (multi-State) Mexican-style cheese 6 (1) No (CDC 2013a; CDC 2013c)
2011 Belgium Hard cheese (Pave du Nord) 12 (4) No (Yde et al. 2012)
2011 us (M) Chive Cheese, Ackawi 2(1) No (CDC 2013a; CDC 2013c)
cheese
2011 US (NJ) Mexican-style cheese 2 (0) No (CDC 2013a; CDC 2013c)
2011 US (multi-State) Blue veined aged cheese 15(1) Yes (CDC 2013a; CDC 2013c)
2012 US (multi State) Ricotta 22 (4) No (CDC 2012)
2012 Spain Latin — style fresh cheese 2 (0) Unclear (de Castro et al. 2012)
2013 US (multi-State) Soft-ripened cheese 6 (1) No (CDC 2013b)

1. The number of cases associated with a particular food is not always clearly stated in the publications. 2. NS — Not Stated
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There have been listeriosis outbreaks linked to cheese consumption worldwide (Table 4). The

majority of these outbreaks were associated with fresh-soft or soft-ripened cheeses.

These data show that, while listeriosis may be associated with the consumption of any type of

cheese, fresh-soft and soft-ripened cheeses could be of significant public health concern.

Importantly, the majority of listeriosis cases are sporadic cases, i.e. not linked to outbreaks (86%
of the listeriosis cases reported to CDC (2013c)). There is very little information about the origin
of these sporadic cases (Varma et al. 2007). For multiple reasons (small batches, extreme
heterogeneity of individual susceptibility), we expect to see primarily sporadic cases of listeriosis
linked to small-scale cheese producers. Note that a French case-control study carried out on 120
sporadic cases of listeriosis observed in 1997 indicated that some cases could be associated with
consumption of soft cheeses ((De Walk et al. 1998) cited by (De Buyser et al. 2001)).

2.2. Overview of Cheese Regulation

The overall production process is similar for all cheeses. Changes at specific points in the
process lead to production of different types of cheese. In general, the process consists of
receiving and holding milk, possible pre-treatment (e.g., pasteurization) of the milk, addition of
starter cultures and enzymes, coagulation and cutting of the coagulum, draining and molding of
curd, ripening, and packaging. The incoming milk may be from one of more herds or farms
depending on the nature and scale of the production facility, and milk from different sources may
be combined on the farm, during transport, or at the manufacturer. After production and
packaging, the products may follow very different pathways from the manufacturer to
consumption depending on the nature of the product and the manufacturer (artisanal or large

scale) or if the cheese is intended for further repackaging or processing.

Cheeses are generally classified or labeled based on the production process and the properties of
the cheese. Standards of identity have been established for a number of cheeses in the U.S. (21
CFR Part 133). These standards describe the major steps of the production process for each type

of cheese as well as properties such as a minimum fat content (w/w) and a maximum moisture
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content in the final product. Similarly, Canadian Food and Drug Regulations define the
properties of a number of types of cheeses (CRC, ¢870). U.S. regulations have a standard for
soft-ripened cheeses not otherwise standardized that specifies the production process and final
milk fat content (21 CFR 133.182). Canadian regulations are not as specific regarding the
production processes for cheeses and soft-ripened cheeses in particular, but do define a soft-
ripened cheese such as Camembert as having less than 56% moisture and more than 22% milk
fat and soft-ripened cheese such as Brie as having less than 54% moisture and more than 23%
milk fat (B.08.033).

Both U.S. and Canadian regulations also contain provisions related to cheese safety. These
include regulatory definitions of the times and temperatures needed for milk pasteurization. U.S.
regulations define “pasteurized” to mean that milk has been heated in properly designed and
operating equipment to one of several temperatures for defined times (Table 5) as well as other
time-temperature combinations that have been “demonstrated to be equivalent thereto in
microbial destruction” (21 CFR 133.3(d)). In addition, for soft-ripened cheeses in the U.S.,
“[m]ilk shall be deemed to have been pasteurized if it has been held at a temperature of not less
than 143°F for a period of not less than 30 minutes, or for a time and at a temperature equivalent
thereto in phosphatase destruction” (21 CFR 133.182(c)(2)).

Table 5: Time temperature combinations for milk pasteurization as defined in 21 CFR 133.3(d).

Temperature Time
145°F 30 min.
161°F 15s.
191°F 1ls.
204°F 0.05s.
212°F 0.01s.

Canadian cheese regulations define pasteurization conditions as “being held at a temperature of
not less than 61.6°C for a period of not less than 30 minutes” or “for a time and a temperature
that is equivalent thereto in phosphatase destruction” (B.08.030) (61.6°C = 142.9°F). The U.S.
definition of soft-ripened cheese also states that “[i]f the milk used is not pasteurized, the cheese
so made is cured at a temperature of not less than 35°F for not less than 60 days” (21 CFR
133.182(a)). In Canada, Regulation B08.043 of the Food and Drugs Act and Regulations requires
that any cheese made from milk from an unpasteurized source be stored and B.08.030 defines
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“stored” as to have been kept or held at a temperature of 2°C (36°F) or more for a period of 60

days or more from the date of the beginning of the manufacturing process.

In both the U.S. and Canada, cheese that is produced and distributed purely intrastate or
intraprovince is still subject to regulation at the state or provincial level. In the U.S., there are
significant state-to-state differences in the regulations governing the sale of raw milk. In Canada,
as of September 2009, the province of Québec allows the manufacture and sale of soft and semi-
soft cheeses made from raw milk that have not been aged for 60 days if the manufacturer meets

requirements prescribed in the provincial regulation respecting food.

2.3. Overview of Cheese Production

As the baseline models for this risk assessment use a representative example of soft-ripened
cheese, the following overview of cheese production refers specifically to Brie and Camembert,
in which both microbial and fungal activities (primarily from Penicillium candida and
Penicillium Camemberti) determine the physical characteristics and flavor of the cheese.
Because fungal growth and activity occurs primarily near the surface, both have distinct inner
cores and external rinds. The entire production and aging process takes approximately 14 days to
5 weeks. The generic terms Brie and Camembert are used to describe types of soft-ripened
cheeses made with generally similar processes. The specific terms “Brie de Meaux”, "Brie de
Melun" and “Camembert de Normandie” are controlled French designation of origination
("Appellation d'origine contrélée™) that indicate both the place of production and the specific

process used.

The cheese-making process for Brie and Camembert is outlined in Figure 1, and described in
more detail in the description of the exposure assessment component of the model. Although
various producers might use slightly different versions of this process for Brie and Camembert,
the final products are highly similar except for size. Nevertheless, in some commercial cheese
production, a uniformly smooth texture is assured by use of thermophilic starters at a
temperature that is well below that of their optimum growth. This process is known as

“stabilization”. Ripening of stabilized cheeses occurs uniformly throughout. Cutting such

22



cheeses in two reveals a smooth, glistening, plastic-like appearance of the entire cut surfaces

without a center curd core.

Several factors determine whether and at what level L. monocytogenes could become introduced
to contaminate the final product. Extrinsic factors include the microflora of the incoming milk,
the possible use of a microbial control treatment, potential cross-contamination during
manufacturing, and the temperature at each step. The most significant intrinsic factors are the

water activity (aw) and pH of the milk and nascent cheese as the process progresses.

Pasteurize whole milk

Inoculate milk with starter culture
(mesophilic and/or thermophilic culture)
(for stabilized cheese only thermophilic culture)

Add penicillium candidum to milk
I
Ripen milk

l

Add coagulant
I

Cut coagulum
S

Curd drained into hoops; hoops turned for drainage

Cheese salted (brine or dry salted)
!

Cheese onto racks, into ripening room —
optional mold can be sprayed on
surface of cheese,
cheese turned

Mold will form within 2 week period
(typically 7-10 days for commercial operations)

Cheeses are packaged in breathable parchment paper and packaged

!
Cheese is aged and distributed

Figure 1: General flow chart for commercial production of Camembert.

2.4. Overview of the Cheese Industry

The cheese-making industry in the U.S. and Canada is highly diverse, both in terms of the
number and types of products produced and in the diversity of the producers. For example, the
September 2007 A.C. Nielsen database of total cheese sales lists over 16,500 Universal Product

Codes (UPC) and several hundred brand names used by large retailers in the U.S. The Nielsen
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database contains scanner data from a set of large retailers and national merchandisers. The data
do not include products marketed directly to consumers or through small or specialty retailers.
The USDA National Agricultural Statistics Service (NASS) estimates that over 400 million
kilograms (900 million pounds) of cheese were manufactured in 2007.

There are few data available on the amount of Brie and Camembert produced yearly in the U.S.
and Canada. The USDA NASS does not gather data on domestic production of these cheeses,
although USDA import reports show that approximately 12 million kg (26 million pounds) of
soft-ripened cheeses of all sorts are imported into the U.S. yearly. The Nielsen database contains
over 100 UPCs for Brie and over 50 UPCs for Camembert products (imported and domestically
produced). The sales associated with these UPCs total approximately 2 million kg (4.4 million
pounds) of Brie and 0.4 million kg (0.9 million pounds) of Camembert yearly through the retail

outlets reported in the Nielsen data base.

Brie and Camembert production in the U.S. and Canada generally occurs in facilities that can be
characterized as either large producers or as small (artisanal or farmstead) producers. Although
the outline of the cheese production process is the same regardless of scale, there are a number of
factors that differ between the large and small producers that may have a significant impact on
the microbiological safety of the final product. These factors include, for example, the need to
pool milk from multiple herds or farms and the time for and conditions experienced during

transport and storage of the milk prior to cheese-making.

Unfortunately, there are few data available in either the U.S. or Canada that characterize
production volumes and distribution patterns for soft-ripened cheeses, or the specific types Brie
and Camembert, and no data on the practices used by artisanal and farmstead producers, the
amount of cheese produced in this sector, conditions experienced during distribution and
handling, or the consumption habits of consumers who purchase these products. These data gaps
made it impossible to accurately model the integrated public health impacts (such as total
number of illnesses per year or population illness rates) from L. monocytogenes in these cheeses.

As an alternative, this risk assessment used baseline models and a series of scenarios to examine
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the public health impact of different practices and production systems, and expressed risk on a

per-serving basis for each scenario as compared to the baseline models.

2.5. Quantitative Microbial Risk Assessment

The components of a quantitative microbial risk assessment, and the role of risk assessment

within food safety risk analysis, have been described in several publications (Codex alimentarius

Commission 1999; CFSAN Risk Analysis Working Group 2002). Food safety microbial risk

assessments consist of four components:

e Hazard identification — Identifies the pathogen of concern and describes the health effects
associated with consumption of that pathogen.

e Hazard characterization — Characterizes the relationship between the level of exposure to a
pathogen and the probability and severity of adverse responses. In a quantitative risk
assessment this may include a dose-response relationship.

e Exposure assessment — Describes the frequency and level of exposure to the pathogen by
consumers. This may include modeling changes in the presence and level of the hazard in a
product pathway.

¢ Risk characterization — Integrates the hazard characterization and exposure assessment to
predict the probability and severity of adverse health effects in a population of consumers.

The end result of a quantitative risk assessment is an estimate of the public health impact of
exposure to a particular hazard through a particular pathway and of the uncertainties that
accompany the estimate. This impact may be expressed in terms such as the probability of illness
per serving of a food, or as the total number of expected cases of illness per year in either the
whole population or in defined subpopulations. A quantitative risk assessment can also be used

to identify the critical data gaps that are responsible for the uncertainties in the risk estimates.

Quantitative risk assessment models can also be used to compare the predicted public health
impact of different conditions in the exposure pathway or the results of the use of alternate
intervention strategies. This is often done using scenario (or “what-if”) analyses. For example,
the potential impact of an alternate control strategy for a pathogen can be predicted by modifying

a risk assessment model that describes current practices. In addition, scenarios can be used to
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estimate current levels of risk in situations where the data are not adequate to allow construction
of descriptive models of existing production or distribution processes or pathways. For example,
as discussed below in greater detail, data describing either the practices used by artisanal cheese
makers or the amount of cheese produced by this industry segment were not available for use in
this risk assessment. Therefore, the public health impacts of conditions and practices associated
with artisanal or farmstead cheese production were assessed using scenarios that were

modifications of the basic model.

2.6. Previous Listeria Risk Assessments

Farber et al. (1996) evaluated the risk of listeriosis from consumption of soft cheeses in Canada.
They used a Weibull-Gamma dose response model, and derived model parameters for the
general and susceptible populations from surveillance data. They assessed exposure by using
data on L. monocytogenes incidence in food from Agri-Food and Agriculture Canada together
with their previous work on levels of L. monocytogenes in soft cheese, and used market
disappearance data from Statistics Canada as a surrogate for consumption data. They used likely
values for the percent of annual listeriosis cases attributable to soft cheese, the susceptible
fraction of the population, and the level of illness underreporting in the epidemiological data.
Using these values, the risk assessment model produced an estimate of risk that was consistent
with the surveillance data and demonstrated the importance of identifying and understanding

uncertainty in risk assessment.

In November of 2000, the U.S. Department of Health and Human Services issued Healthy
People 2010, which contained a comprehensive set of disease prevention and health promotion
objectives for the nation to achieve over the first decade of the century. This publication serves
as a statement of national health objectives designed to identify the most significant preventable
threats to health and to establish national goals to reduce these threats. One of these goals is a

reduction in foodborne listeriosis.
In support of this goal, FDA in collaboration with USDA conducted a quantitative assessment of

the relative risk to the public health from foodborne L. monocytogenes among 23 selected
categories of ready-to-eat (RTE) foods (FDA/FSIS 2003). Exposure for each food category was
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estimated using data on L. monocytogenes prevalence and levels in foods at retail (or at
manufacturing in a few cases) and by modeling L. monocytogenes growth or decline during
distribution and storage. Consumption estimates were developed for each food category for three
population groups; two populations that were considered to have increased susceptibility to
listeriosis: the Elderly (> 60 years of age) and the Perinatal population (fetuses from 16 weeks
plus neonates through 4 weeks), and the General population with lower susceptibility. A dose-
response model was developed based on animal models and surveillance data. Differential
susceptibility between populations was taken into account by applying scaling factors to this
dose/response model. An estimate of the annual number of listeriosis cases was derived from
epidemiological studies. The risk assessment model was used to partition these illnesses among
the 23 food categories. Several different metrics were used to describe risk, including the
probability of illness per serving for each food category.

The results of that assessment indicated that, among dairy foods, soft unripened cheese presents a
high risk of listeriosis, and that fresh soft cheese, semi-soft cheese, and soft-ripened cheese
present moderate risks of listeriosis. The relative risk associated with the use of unpasteurized
milk for cheese-making was examined for only one type of cheese (fresh soft cheese) but the
modeling showed that this resulted in a 40-fold increase in risk over the use of pasteurized milk

for cheese-making.

Two product pathway risk assessments have been published for L. monocytogenes in cheese.
Bemrah et al. (1998) carried out a risk assessment for L. monocytogenes in soft cheese made
from raw milk that modeled changes in L. monocytogenes levels from milk production to
consumption in France in the 1990’s. Their exposure assessment assumed that contaminated
milk was the only source of L. monocytogenes, and used data from a survey of milk producers in
France to estimate the distribution of L. monocytogenes contamination in milk prior to cheese
production. Their hazard characterization used a previously published (Farber et al. 1996)
Weibull-Gamma dose response model for two populations, one high-risk and one low-risk.
Although Bemrah et al. did not evaluate the effect of interventions or control strategies such as
pasteurization; they did examine the effect of eliminating one of the two major sources of

L. monocytogenes in the raw milk (L. monocytogenes from mastitic cows). Eliminating that input
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significantly reduced the frequency of milk batches with high levels of L. monocytogenes and

resulted in a 5 fold reduction in predicted annual illnesses.

Sanaa et al. (2004) modeled changes in L. monocytogenes levels in the product production
pathway for "Brie de Meaux" and "Camembert de Normandie" soft-ripened cheeses in France. In
their model, all L. monocytogenes was assumed to originate with bulk milk at levels determined
through a one year survey of farm bulk milk tanks. Changes in L. monocytogenes levels during
cheese production, distribution, and home storage were modeled. The probability illness per
serving was calculated for each cheese type for two populations (more and less susceptible)
using a simple exponential dose response relationship. They did not use their model to assess the

effectiveness of potential interventions or risk management strategies.

Two important assessments of the risk from L. monocytogenes in pasteurized-milk cheese were
made available after the public comment period on the draft version of this risk assessment
(Tenenhaus-Aziza et al. 2013; Lamboni et al. 2014). These interesting articles are very helpful to
better explore the Critical Control Points in the cheese making process, notably regarding
contamination post pasteurization. However, these articles contained no fundamentally new

results or new data leading to changes in how this report represents the cheese making process.

3. Risk Assessment Modeling

To address the questions posed by the FDA and HC-SC Risk Managers, this risk assessment
developed a “product pathway” model for soft-ripened cheese that included a description of
known and potential sources of L. monocytogenes and changes in the prevalence and level of
L. monocytogenes from the production of milk “on farm” to consumption of cheese in the home.
The details of the model, model assumptions, data sources, and important data gaps are discussed

in detail in the following sections.
The pasteurized-milk cheese baseline model and the raw-milk cheese baseline model were

developed using parameters and input values obtained from the published literature, industry

sources, public submissions, and specific expert elicitation.
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The framework of this risk assessment was to gather all the available literature on the subject and
to select all the literature that falls specifically into the scope of the risk assessment. The
available information was then used, through statistical and probabilistic methods, to derive a
distribution of the variability of the parameter and to estimate the surrounding uncertainty of this
estimated distribution. Whenever possible (i.e. whenever more than one source was available),

no specific data or dataset was used.

The baseline models were modified to estimate the relative public health impacts of alternate
interventions, practices, and conditions and the results of these modifications were expressed

relative to the baseline models.

Modeling was carried out using Analytica Professional 4.2 from Lumina Decision Systems (Los
Gatos, CA (Lumina Decision Systems 2010)). For quality assurance, each component of the
model was also programmed and tested using the R language (Version 2.8) (The R Development
Core Team, Vienna, Austria (R Development Core Team 2008)). Variability and uncertainty
were evaluated separately using a Second-Order Monte Carlo simulation framework (Frey 1992).
Overall the model consisted of three modules: exposure assessment, hazard characterization, and

risk characterization (Figure 2).

Hazard Characterization

- Dose Response -

Risk characterization
Exposure assessment

- Listeria monocytogenes consumed -

Figure 2: The 3 modules of the model.

The exposure assessment module contained a series of stages corresponding to the major stages
in the process of producing, distributing, and consuming soft-ripened cheese. In particular,
Camembert cheese was used as an example of a soft-ripened cheese for several stages in the

exposure assessment module. These are shown in Figure 3. Each stage might consist of one or
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more steps during which the prevalence and level of L. monocytogenes might change. These
steps are described in detail in the following sections. Changes in input values or process
parameters in the exposure assessment module were used to address alternate intervention or

process scenarios.

Cheese .| Transport and
processing Marketing

A\ 4

A 4

On Farm —» At Retail At Home

Figure 3: The 5 stages of the exposure assessment.

In addition to the individual steps, sub-routines were developed to describe basic processes
(Nauta 2008) that affect L. monocytogenes prevalence and levels in multiple steps. These
included microbial growth, microbial inactivation, environmental contamination, removal, and

partitioning and mixing.

The hazard characterization module contained dose-response functions for each of the
populations considered in this risk assessment. The assessment considered four populations, the
General (non-susceptible) population and three susceptible groups (the Elderly, the

Immunocompromised, and Pregnant woman) in both the U.S. and Canada.

The risk characterization module combined the results of the exposure assessment for each
population with the hazard characterization for that population to estimate risk. Risk was
expressed on a “per serving” basis because the lack of data on overall levels of cheese production
(particularly for small cheese makers) and on possible differences in cheese source preference
among the different populations prevented developing integrated estimates of risk. The impacts
of the changes evaluated in the different scenarios were expressed as relative risk compared to
baseline models.

The results of the risk assessment are discussed in detail in the sections 9 and 10.

4. Hazard ldentification

The biology, pathology, and ecology of Listeria monocytogenes and the problem of

L. monocytogenes as a foodborne hazard have been extensively described in previous risk
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assessments (FDA/FSIS 2003; FAO/WHO 2004) and in the microbiological literature (e.g.
Swaminathan and Gerner-Smidt 2007). Therefore, only a summary of this information is

presented here.

L. monocytogenes is a Gram-positive pathogen that is widely distributed in the environment,
including agricultural and food production environments. Most human exposure to
L. monocytogenes is through the consumption of contaminated food, although fetuses and
neonates may be infected transplacentally or during birth. The symptoms of L. monocytogenes
infection in otherwise healthy adults may be relatively mild and transient, producing typical “flu-
like” symptoms or gastroenteritis. There are few data on the incidence or epidemiology of mild

listeriosis.

L. monocytogenes infection can also result in invasive listeriosis, particularly in susceptible
individuals. The consequences of invasive listeriosis include meningitis, encephalitis, abortion,
and stillbirth. Because invasive listeriosis often results in the need for medical care, frequently
including culturing of L. monocytogenes from internal tissues, information on disease rates as
well as on the characteristics of the affected populations is available. For this risk assessment,

only the public health burden of invasive listeriosis was considered.

The CDC Foodborne Diseases Active Surveillance Network (FoodNet) tracks cases of listeriosis
at 10 sites in the U.S. FoodNet data for 2010 showed an incidence of approximately 3 cases per 1
million individuals (CDC 2006; CDC 2011). The overall incidence in Canada in 2004 to 2007
was 3.0, 3.3, 3.0 and 4.2, respectively, cases per million individuals (Clark et al. 2010). These
incidence rates are similar to those seen in other countries (OzFoodNet 2007; Clark et al. 2010).

The consequences of invasive listeriosis are severe. FoodNet data for 2010 showed that 90% of
listeriosis cases required hospitalization, more than twice the hospitalization rate for E. coli
0157:H7. L. monocytogenes caused 24% of the deaths associated with foodborne infections in

that year, more twice as many deaths as were caused by Campylobacter (CDC 2011).
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Figure 5: Canadian data on the incidence of listeriosis from the National Listeriosis Reference Service and the
National Notifiable Diseases system (Clark et al. 2010).

A variety of medical conditions that affect the immune system can also result in increased
susceptibility to listeriosis. These include myeoloproliferative disorder; multiple myeloma; acute
leukemia; giant cell arteritis; dialysis; liver, esophageal, stomach, pancreas, lung, and brain
cancer; cirrhosis; and organ transplantation. Unfortunately, the listeriosis surveillance systems in
the U.S. and Canada do not routinely collect data on the presence of underlying medical
conditions, so it is not possible to accurately estimate relative susceptibility in different patient
populations. Marchetti (cited by FAO/WHO 2004) and Goulet et al. (2012) were able to review
medical records for listeriosis cases in France in 1992 and from 2001 to 2008, respectively. Their
analyses suggested that some patient populations are more than 1,000 times more susceptible
than the population of individuals <65 years old without underlying conditions. Because similar
data on underlying conditions are not available for either the U.S. or Canada and, following
FAO/WHO (2004), this risk assessment considered the General population and three
representative  high susceptibility groups: Pregnant women, the Elderly, and the

Immunocompromised.

Strains of L. monocytogenes can be differentiated by serotyping, molecular fingerprinting,

ribotyping, or DNA sequencing. There is evidence that virulence differs among strains. For
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example, Clark et al. (2010) showed that 77% of human L. monocytogenes isolates in Canada
from 1995 to 2004 were of serotype 1/2a or 4b. However, they also showed that all of the other
L. monocytogenes serotypes were also found among human isolates, indicating that all serotypes
are capable of causing listeriosis. The major knowledge about strain virulence is the variation in
relation to subtypes encoding a full-length or truncated Internalin A (Lecuit et al. 1999; Lecuit et
al. 2001; Chen et al. 2011). Studies of the microbial ecology of food production environments
also show that some strains are better able to survive in particular locations over long periods of
time (Sauders et al. 2004; Sauders et al. 2006). Strain-specific differences exist in susceptibility
to control measures such as heat (pasteurization) (Doyle et al. 2001). Further, properties such as
virulence and resistance to environmental stress are also affected by growth history (Skandamis
et al. 2009). Because there are no data available on whether particular strains of
L. monocytogenes are preferentially associated with milk used for cheese-making or with cheese-
making environments, it was not possible to model specific serotype differences in this risk
assessment. However, where data permit, we do account for among-strains characteristics’

variability, e.g. for growth characteristics like growth rates and minimum growth temperatures.

There are several routes by which dairy products in general, and cheese in particular, may
become contaminated with L. monocytogenes. First, cows infected with L. monocytogenes may
shed cells directly into their milk. It has been shown that L. monocytogenes shedding can occur
in cows with subclinical mastitis (Winter et al. 2004), making it difficult to control this source of
L. monocytogenes without microbial testing. Second, L. monocytogenes has been shown to occur
in the natural conditions in feed, water and soil on dairy farms and on farm equipment (Latorre et
al. 2009). These environmental reservoirs are difficult to control, potentially leading to on-going
or sporadic contamination of raw milk. Third, L. monocytogenes may occur in the cheese
processing environment (Pritchard et al. 1994; D'Amico and Donnelly 2009), potentially leading
to contamination during cheese-making. L. monocytogenes presence in cheese processing
facilities can lead to contamination after the major microbial control points (i.e, after
pasteurization) and because of the need for extensive manipulation during cheese-making that

occurs in cheese-making facilities.
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There are limited data that can be used to model the level and frequency of L. monocytogenes
contamination in cheese from these sources. Published surveys of L. monocytogenes in bulk milk
can be used to anchor estimates of L. monocytogenes levels in the raw milk used for cheese-
making (discussed in detail in the Exposure Assessment section 7). However, significant
uncertainty exists as to how differences in milk sourcing practices between small-scale and
large-scale producers affects the probability of L. monocytogenes presence in the raw milk used.
For example, pooling milk from many individual cows in multiple herds for the large volumes of
milk that a large volume cheese producer needs, might increase the probability of having
L. monocytogenes in any batch of milk, but the organism would be diluted. On the other hand,
the lack of dilution might lead to intermittent high levels of contamination in the smaller volume

batches used by a small volume cheese producer.

The cheese-making process involves a number of steps that may present an opportunity for
environmental contamination to spread to the cheese. Large scale commercial cheese operations
are highly automated with little direct hands-on manipulation of the cheese; smaller scale
artisanal and farmstead manufactures typically employ more extensive hands-on manipulation of
cheese (Hassan et al. 2000; Hassan et al. 2001; Meyer-Broseta et al. 2003; Nightingale et al.
2004; Nightingale et al. 2005; D'Amico et al. 2008b). Due to the number of steps that involve
manipulation, the cheese-making process presents multiple opportunities for environmental
contamination and spread from the equipment and facilities. Because data do not exist to
characterize contamination associated with individual steps in the cheese-making process, these
sources of potential contamination were modeled as if all contamination occurs at a single point
(see the Contamination section 6.4). The probability and level of contamination at this point was
modeled by using data from Gombas et al. (2003) on the frequency and levels of
L. monocytogenes in soft-ripened cheese at retail. The process for using these data is described in

detail in the Exposure Assessment section.

5. Hazard Characterization

Hazard characterization describes the health effects that result from exposure to a pathogen. In a
quantitative microbiological risk assessment, this is done through a dose response function that is

used to link the ingested dose of a pathogen to the probability of a given specified endpoint. For
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a given illness endpoint, the dose response function calculates the probability that illness occurs

given ingestion of a quantity of pathogen.

The FAO/WHO and FDA/FSIS risk assessments of L. monocytogenes in ready-to-eat foods
(FDA/FSIS 2003; FAO/WHO 2004) both included detailed hazard characterizations for
L. monocytogenes (including characterization of severity and the selection of appropriate human
health endpoints to be considered, factors that affect dose-response relations, and approaches to
mathematical modeling of dose-response). Both documents described and contrasted the various
dose-response models in the microbiological literature. Their discussions included detailed
analyses of the assumptions underlying each mathematical model, the implications of using each
at high, medium and low doses, various model forms, and various parameterizations that might
be used. This information is not repeated here. The exact form of a dose response model for
L. monocytogenes remains a topic of considerable research. To date, risk assessments have
considered several different forms. Presently, the most common class of dose response models is
the “linear at low-dose” model. The choice of model and data sources along with modeling
assumptions can have a substantial effect on absolute measures of risk.

Both the FDA/FSIS (2003) and FAO/WHO (2004) risk assessments developed human dose-
response models that were scaled using U.S. exposure (FDA/FSIS 2001) and U.S.
epidemiological (Mead et al. 1999) data for susceptible and general populations. The FAO/WHO
model was used here because, while the two models are functionally equivalent and linear within
the dose range of interest, the FAO/WHO model requires fewer parameters and is thus more
straightforward to implement. The details of this model are described in FAO/WHO (2004).

The FAO/WHO used an exponential dose-response model with invasive listeriosis as the human
health endpoint of concern. Model parameters were developed for two subpopulations: one with
higher susceptibility (including neonates, the elderly and the immunocompromised, these
subpopulations being referred as “susceptibles” in FAO/WHO (2004)), and another with a lower
level of susceptibility (the general population, referred as “non-susceptible” in FAO/WHO
(2004)). This dose-response model can be written as

Pr{endpoint| D}=1-exp(-rD)
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with/without premature stop codon (PMSC) for soft-ripened cheese, 219 vs. 271 for other food,
p = 0.15). Without further data, the FAO/WHO (2004) dose response was used in this risk

assessment without further considering a specific distribution of serotypes for cheese as

compared to other commodities.

6. Basic Processes

The exposure assessment model consists of product pathway-specific elements in a set of “basic

processes” (Nauta 2008). Six basic processes that may affect the prevalence and/or level of any

microbial hazard in a food at multiple steps in the product pathway have been described. These

basic processes are:

Growth: the multiplication of bacteria or an increase in the size of the population;
Inactivation: the decrease in the number of bacteria or in the size of the population that
results from the application of a food safety or preservation strategy. Inactivation may
also be the consequence of the natural environment in the food, e.g. low pH or low water
activity;

Partitioning: redistribution of bacteria that occurs when a large unit of food is split into
two or more smaller units;

Mixing: redistribution that is the opposite of partitioning, and occurs when smaller units
of food are combined to form a new, larger unit;

Contamination: (in this report) occurs when bacteria are transferred to milk or from the
environment to food,;

Removal: this occurs when some units of food are removed from the product pathway.
Non-selective removal might occur when some units of food are diverted to an alternate
product pathway and selective removal might occur when some units are removed as a
result of testing (Nauta 2008).

The impact of each of the basic processes on bacterial prevalence, the total number of bacterial

cells and on the unit size of the food, is shown in Table 7.
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Table 7: Basic processes and their qualitative effects.

Basic processes Effect on prevalence Effect on the total number of Effect on the food unit size
bacteria
Growth = + =
Inactivation - =
Mixing + = +
Partitioning = -
Removal - =
Contamination + + =

(adapted from Nauta 2008). Notes: = same, + increase, - decrease.

In the product pathway for soft-ripened cheeses, these 6 basic processes are encountered in
several steps (Figure 6). Bacterial growth is observed throughout the product pathway, both in
milk and then in cheese. Bacterial inactivation occurs during cheese-making through the
application of food safety strategies (e.g. pasteurization) and naturally as a result of acidification
during initial ripening. Mixing and partitioning are encountered on farm (e.g. mixing of milk
from different cows), during cheese processing (e.g. mixing of milk from different farms,
separation of milk into curds and whey, partitioning of curd into individual cheeses) and at home
(partitioning of a cheese into servings). Removal of pathogen containing lots of milk or cheese is
a risk mitigation strategy that may result from microbiological testing. Contamination with
bacteria from the environment may occur on the farm, in the plant, at retail and at the consumer

depending on circumstances.

This section describes the general rules and data used to model these basic processes. The
specific uses of these basic processes within each stage of the product pathway are described in

detail in the Exposure Assessment section 7.

On-Farm Cheese processing Transport & At Retail At Home
- 1 | marketing | |
— Contamination — — Growth — - Growth - — Growth —

— Growth — — Inactivation — - Partitioning - — Partitioning —

— Mixing — — Mixing — - Growth - - Contamination - — Contamination —
— Removal — — Partitioning —

— Removal —
— Contamination —

Figure 6: The product pathway and the corresponding basic processes.

6.1. Growth

Bacterial growth is one of the most important basic processes that must be considered in a
quantitative microbiological risk assessment for Listeria (FDA/FSIS 2003; FAO/WHO 2004).
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6.1.1. Growth in Milk and Growth in Cheese after Ripening
Description of the Model

Primary Model

In predictive microbiology, a primary growth model predicts changes in a bacterial population
over time in a given environment. The three-phase linear model is a commonly used primary
model for growth in a constant environment. (Buchanan et al. 1997; van Gerwen and Zwietering
1998). This model assumes that there is an exponential increase in the bacterial population with
time, until a maximum population density is reached. A lag phase may be included by delaying

the start of exponential growth. The model is written as:

{y(t)= y(0) t<iz

y(t)=min(y(0)+ EGRx(t— 1), Yy) =420

where® y(t) (log(cfu)/g) is the bacterial concentration at time t (d), A (d) is the lag time observed
in a particular environment T, EGR (log(cfu)/g/d) is the exponential growth rate observed in
environment T and ymax (log(cfu)/g) is the maximum population density in environment T. Figure

7 illustrates this model.

r 3

ymax
)
=
) EGR
>
o
>

y(0)

— time
A

Figure 7: The three-phase linear primary growth model.

& Recall: in this report, log(x) or logy(x) stands for the logio(x) (logarithm base 10) and In(x) stands for loge(x)

(natural logarithm or logarithm base €).
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Secondary model

Secondary growth models are enhancements of a primary model that alter parameters (namely

EGR, 4 and yma) in the primary model to reflect changes in the environment.

Characterization of the Environment

With the exception of the ripening phase, the model used in this assessment treated temperature
as varying from step to step in the product pathway (farm storage for milk; aging, transport and
marketing, storage at retail and storage at home for ripened cheeses) but that it is constant within
each step. Other environmental factors that impact bacterial growth were treated as varying from
batch to batch depending on context within the product pathway, and variation in the EGRy
caused by varying environmental factors were modeled by specifying a probability distribution
for EGRy that implicitly accounts for these factors (Ross and McMeekin 2003).

Secondary Model - Growth Rate
The popular square root approach (Ratkowsky et al. 1982) was used to model the effect of
temperature T (°C) on growth rate. This model assumes that there is a linear relationship between
the temperature and the square root of EGRy, with EGRt = 0 when T < Tin, where Tin (°C) is

the minimum growth temperature. This can be written as:

2
m T>T..
Tref ~ min
EGR; =0 T<T

min

EGR, = EGRTM(

where EGRys is the exponential growth rate in a specific food at a chosen T, (°C) temperature.
This model is valid for T << T, The optimal growth temperature, Toy, for L. monocytogenes is
~37°C (Augustin and Carlier 2000). T+ was arbitrarily set to 20°C. EGRys is a function of the
growth medium and varies among strains. A similar square root model was used in the
FDAJ/FSIS risk assessment for L. monocytogenes in ready to eat foods with T, = 5°C, a constant
Tmin =-1.18°C and a distribution of EGRs developed through a literature review (FDA/FSIS
2003).
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Secondary Model - Lag

A growth lag (A7) may be observed when bacteria are transferred to a new environment. This
delay in the growth is assumed to be the result of the time needed for the cells to readjust their
physiology to the new environment. For bacteria in a given physiological state, the lag time is
approximately proportional to the generation time (time for the population to double) in the new
environment (Delignette-Muller 1998; Ross and McMeekin 2003). That is:

A, =K. GT;
in an environment T, where K. (called “Relative Lag Time”, RLT (Ross and McMeekin 2003)),

is a function of the physiological state & of the cells before transfer and

GT, = log,y(2)
EGR;

is the generation time (d) in environment T. Note that K¢ is linked to the “work to be done”
during the lag phase hy (Baranyi and Roberts 1994), RLT and hy being proportional to each

other.

Some studies have attempted to describe how K. depends on the cells’ history (Breand et al.
1997; Delignette-Muller 1998; Breand et al. 1999; Mellefont et al. 2003; Mellefont et al. 2004)
but no universally accepted model is currently available. Nevertheless, these studies have shown
that the larger the shift in environmental conditions, the higher is the K. In the absence of a
generally accepted model, Ross and McMeekin (2003) suggested the use of a value or a
distribution of K taken from the relevant literature. We used a distribution from Ross et al.

(2009) to describe how K: varies.

Here, we modeled a lag of 4 > 0 in the growth of bacteria introduced to milk from either the farm
environment or mastitis and in the growth of bacteria introduced to cheese from the environment.
No extra lag in growth was included to account for moving from step to step in the product
pathway to account for steps’ temperature shifts. Step to step temperature shifts might occur
when milk is transferred from the farm bulk tank to a dairy silo, for example, or when a cheese is
transferred from retail display to a consumer’s refrigerator.
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Growth in a Solid Medium

Cheese is a solid medium where growth could be different from that normally observed in a
liquid medium. For example, Sanaa et al. (2004) assumed that each cell was immobilized by the
cheese matrix and gave rise to one colony with a maximum density population of 10° cfu per

initial bacterial cell.

In this assessment model, bacterial growth in cheese was limited to ymaxr log(cfu) at the level of
individual units of 1 gram of cheese. The n bacteria that contaminated an individual K g cheese
were assumed to be deposited among a number p of virtual cubes of 1 gram each, with min(K,

n) > p > 1. Growth in each of these contaminated grams was limited to 10"™*T. The maximum

bacterial population in the whole cheese was then px10”™ .

Specification of Distributions for Growth Model Parameters

L. monocytogenes growth varies among milk collections or cheeses sampled at random due to
both strain and medium variability (pH, a, for example). In general, this variability is
summarized using probability distributions given other known environmental parameters
(temperature, time). Parameter uncertainty may be derived in some cases using classical
statistical inference. In this assessment unknown parameters for these distributions were
estimated using literature data, preferably from published meta-analyses. This procedure assumes
that the data sets used to describe the parameters occur such as would be the case if the data set

conditions were a random sample of the conditions in the population of cheeses of interest.

Minimum Growth Temperature Tpmin

The minimum growth temperature was described using data from the meta-analysis of Augustin
et al. (2005) (Table 3, pg. 1025-1026). Augustin et al. (2005) estimated minimum growth
temperatures (°C) for 25 studies in liquid microbiological media. Variability in Tnyi, among

bacterial strains was described by the equation

Tmin ~N (ﬂTmin 'O-szin )
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EGR, in Camembert

As described above, the product pathway model was developed using parameters appropriate for
the manufacture of soft-ripened cheese, and where necessary, Camembert was used as an
example of a soft-ripened cheese. Because no published meta-analysis for EGR of
L. monocytogenes in soft-ripened cheese was available, a literature search was carried out to
identify papers with data that could be used to develop an EGR model for Camembert
appropriate to the intended application in this risk assessment, that is, to describe the EGR
variability for a L. monocytogenes strain at random in the rind and in the core of a cheese at
random (Table 11). Authors’ design characteristics are in the rightmost 6 columns in Table 11.
Table 11’s EGRy is a reported EGR at study temperature T°C directly from the article’s text or
tables or it was read or measured from the article’s graphs. In studies that used inoculated
cheeses, the EGRt sometimes refers to the average among several L. monocytogenes strains
pooled into the same inoculant. Some articles’ EGRyr values were averages over several
independent replicates of the articles’ experiments (Trials avgd), usually replicating cheese-
making and possibly the preparation of the L. monocytogenes used in the experiment. Some
articles” EGRy values were averages of growth in cheeses over several individual cheeses within
the same cheese-making (Cheeses avgd). Some articles’ EGRy values were averages of growth
over several L. monocytogenes strains (Lm strains pooled). We encode the milk characteristics
that the study used as Pasteurized milk (PM), Raw milk (RM) and Unknown (UNK). Our
references to Table or Figure in the Notes column in Table 11 indicate the source of the

information within the reference article, not to a Table or Figure in this report.

Table 11: Data for Camembert aging and holding growth rates.

Lm

r:S;n; ' Source C:;::tse egrr T(Eg‘)p ;t(;gli 2 g ;Cg(ljs C;:/tzeje Milk Notes
1 (Ryser and Marth 1987) Rind .0298 6 1 1 3 PM Scott A, Figure 5
2 (Ryser and Marth 1987) Rind .0000 6 1 1 3 PM V7, Figure 5
3 (Ryser and Marth 1987) Rind .0207 6 1 1 3 PM CA, Figure 5
4 (Ryser and Marth 1987) Rind .0658 6 1 1 3 PM OH, Figure 5
5 (Ryser and Marth 1987) Rind .0970 6 1 1 3 PM Scott A, Figure 1
6 (Ryser and Marth 1987) Core .0450 6 1 1 3 PM Scott A, Figure 1
7 (Ryser and Marth 1987) Rind .1050 6 1 1 3 PM CA, Figure 3
8 (Ryser and Marth 1987) Core .0780 6 1 1 3 PM CA, Figure 3
9 (Ryser and Marth 1987) Rind .1000 6 1 1 3 PM V7, Figure 2
10 (Ryser and Marth 1987) Core .0538 6 1 1 3 PM V7, Figure 2
11 (Ryser and Marth 1987) Rind .0750 6 1 1 3 PM OH, Figure 4
12 (Ryser and Marth 1987) Core .0730 6 1 1 3 PM OH, Figure 4
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Lm

r:grer?tf. Source ngﬁts ¢ egrr T(f;g])p ;tcl;gli :g chtljs C;vegge Milk Notes
13 (Genigeorgis et al. 1991) Core .8655 30 5 1 1 UNK Table 1, pg. 664
14 (Genigeorgis et al. 1991) Core .1456 8 5 1 1 UNK Table 1, pg. 664
15 (Genigeorgis et al. 1991) Core 0197 4 5 1 1 UNK Table 1, pg. 664
16 (Genigeorgis et al. 1991) Rind 8655 30 5 1 1 UNK Table 1, pg. 664
17 (Genigeorgis et al. 1991) Rind 0927 8 5 1 1 UNK Table 1, pg. 664
18 (Genigeorgis et al. 1991) Rind 0183 4 5 1 1 UNK Table 1, pg. 664
19 (Sulzer and Busse 1991) Rind .0608 6 1 1 1 PM Li, Figure 1
20 (Sulzer and Busse 1991) Rind .0473 6 1 1 1 PM Li, Figure 1
21 (Sulzer and Busse 1991) Rind .0583 6 1 1 1 PM Lm, Figure 3
22 (Sulzer and Busse 1991) Rind 0288 6 1 1 1 PM Lm, Figure 3
23 (Sulzer and Busse 1993) Rind 0909 6 1 1 1 PM Li, Figure 1
24 (Sulzer and Busse 1993) Core 0606 6 1 1 1 PM Li, Figure 1
25 (Sulzer and Busse 1993) Rind 0500 4 1 1 1 PM Li, Figure 6
26 (Sulzer and Busse 1993) Rind 1500 7 1 1 1 PM Li, Figure 6
27 (Sulzer and Busse 1993) Rind 475 15 1 1 1 PM Li, Figure 6
28 (Maisnier Patin et al. 1992) Core 1464 11 1 1 3 PM Nis-
29 (Maisnier Patin et al. 1992) Rind 2107 11 1 1 3 PM Nis-
30 (Back et al. 1993) Rind 0600 3 1 2 6 PM Figure 1la
31 (Back et al. 1993) Rind 0740 6 1 2 6 PM Figure 1la
32 (Back et al. 1993) Rind .1200 10 1 2 6 PM Figure 1la
33 (Back et al. 1993) Rind .0467 3 1 1 1 UNK Table 1
34 (Back et al. 1993) Rind 1467 6 1 1 1 UNK Table 1
35 (Back et al. 1993) Rind .0867 3 1 1 1 UNK Table 1
36 (Back et al. 1993) Core -0.028 3 1 2 6 PM Figure 1b
37 (Back et al. 1993) Core -0.028 6 1 2 6 PM Figure 1b
38 (Back et al. 1993) Core 0 10 1 2 6 PM Figure 1b
39 (Back et al. 1993) Core .092 15 1 2 6 PM Figure 1b
40 (Murphy et al. 1996) Core .0070 4 1 1 1 UNK  Table 4, Gompertz
41 (Murphy et al. 1996) Core .0836 10 1 1 1 UNK  Table 4, Gompertz
42 (Wan et al. 1997) Rind .2493 15 2 1 3 PM control
43 (Wang and Johnson 1997) Rind 0943 4 1 1 2 UNK Figure 6A control
44 (Liu et al. 2004) Rind 0700 7 1 3 8 PM TS
45 (Liu et al. 2004) Core 1100 7 1 3 8 PM C
46 (Liu et al. 2007) Rind .0600 7 1 3 8 PM TS
47 (Liu et al. 2007) Core .0467 7 1 3 8 PM C
48 (Liu et al. 2009) Core .0333 7 1 3 8 PM Lm, Figure 6¢, C
49 (Liu et al. 2009) Core .0417 7 1 3 8 PM Li, Figure 6¢, C
50 (Liu et al. 2009) Rind 0600 7 1 3 8 PM Lm, Figure 6b, TS
51 (Liu et al. 2009) Rind .0533 7 1 3 8 PM Li, Figure 6b, TS
52 (D'Amico et al. 2008a) Rind .0429 4 5 1 3 RM Figure 4
53 (D'Amico et al. 2008a) Rind .0393 4 5 1 3 PM Figure 4
54 (D'Amico et al. 2008a) Rind .0881 4 5 1 3 RM Figure 4
55 (D'Amico et al. 2008a) Rind .0536 4 5 1 3 PM Figure 4

PM: pasteurized milk; RM: raw milk; UNK: unknown.

Some studies, or some data from some studies listed in Table 11, were excluded from this

analysis for several reasons:
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Growth was measured in soft-ripened cheeses other than Camembert (Genigeorgis et al.
1991; Back et al. 1993; Guerzoni et al. 1994; Whitley et al. 2000; Faleiro et al. 2003;
Arqueés et al. 2005; Modzelewska-Kapitula and Marin-Iniesta 2005; Kongo et al. 2006;




Tan et al. 2008) or in processed, fresh, unripened, surface smear, soft, semi-soft,
semi-hard and hard cheeses based on article title or keywords;

e Growth was measured for pathogens other than L. monocytogenes or L. innocua such as
E. coli, Salmonella spp. or Yersinia enterocolitica (Ramsaran et al. 1998; Leuschner and
Boughtflower 2002; Modzelewska-Kapitula and Marin-Iniesta 2005);

e Growth was clearly affected by reaching maximum population densities (Back et al.
1993);

¢ Inhibitor treatments other than milk pasteurization or additives applied to milk or cheese
were used (Sulzer and Busse 1991; Maisnier Patin et al. 1992; Bougle and Stahl 1994,
Wan et al. 1997; Wang and Johnson 1997; Ramsaran et al. 1998; Garcia-Graells et al.
2000; Loessner et al. 2003; Modzelewska-Kapitula and Marin-Iniesta 2005);

e Growth was measured using blended core and rind samples (Ryser and Marth 1987;
Maisnier Patin et al. 1992; Wang and Johnson 1997; Ramsaran et al. 1998; Leuschner
and Boughtflower 2002; Helloin et al. 2003; Liu et al. 2004; Gay and Amgar 2005; Liu et
al. 2007; Liu et al. 2009); and,

e Growth was measured only during ripening before aging and holding (Helloin et al. 2003;
Linton et al. 2008).

Separate growth rate distributions were developed for the cheese core and rind because it has
been consistently observed that the growth rate is higher in the rind than in the core. The
common physical reason is that pH is higher in the rind than in the core, and increases more
rapidly during ripening (Ryser and Marth 1987; Sanaa et al. 2004; Liu and Puri 2008).
Additionally, differences in oxygen tension as well as in water activity between the interior and
rind of the cheese could explain this observation. Growth profiles from 55 data sets from 13
references (Table 11) that address growth in the core (19 data sets) and rind (36 data sets) during
Camembert aging and holding at study-varying temperatures were used to derive EGRy
(log(cfu)/g/d) values, where EGRy is the mean exponential growth rate observed during a
specific study at temperature T. The corresponding EGR,o values were calculated using the
Ratkowsky’s square root model (Ratkowsky et al. 1982). Figure 8 shows the EGRys obtained

using fixed Tmin=-1.72°C, for illustration.
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Figure 8: Study EGR, (study-temperature EGRy-transformed) in Camembert rind (blue symbols) and core
(red symbols).

These data were used to estimate parameters for a hierarchical model of EGRy that accounted

for variability among (L. monocytogenes strains x cheese-making) and among cheeses within

(L. monocytogenes strains x cheese-making). The zero-inflated Gamma distribution is used to

describe EGRy variability among L. monocytogenes strains and cheese-making and the Normal

distribution is used to describe EGRy variability among individual cheeses within the same

cheese-making (L. monocytogenes strain). For example, for the core

with

with probability 6,

EGRy,, =max(X, +Y,,0) with probability (L6, )

X, ~ NormaI(O,af)
Y, ~ Gamma(a,, 4, )

Among studies, only Back et al. (1993) included a datum point that shows decline in the

L. monocytogenes concentration, but there is not enough information in the article to distinguish

that decline from merely measurement error. So, the collection of data sets, itself, points to either

growth or to no growth. This mixture of distribution models satisfies that indication.
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- contamination of cheese from the plant environment.

Each contamination process required an estimate of i) the frequency of contamination and; ii) the
number of L. monocytogenes cfu per contaminated unit when contamination occurs. The models
and data used for the two contamination processes that occur on the farm are described in the
section 7.1 below and in the Appendix (section “On Farm”). The following deals with

contamination of cheese in the plant during cheese-making.

While it has been shown that cheese processing facilities can become contaminated with
L. monocytogenes (Pritchard et al. 1994; Pritchard et al. 1995), there are no data describing the
process or rate of transfer of bacteria from the environment to the product in the plant. The most
relevant data that include values for both the prevalence and the level of contamination of
soft-ripened cheeses in the United States and Canada were from a random sample of cheeses
obtained at retail in Maryland and California (U.S.) (Gombas et al. 2003) as part of a larger
survey of ready to eat foods. The relevant results from this survey are shown in Table 15. These
data on prevalence and levels in cheeses at retail were used to infer the frequency and level of
contamination from the plant environment at an earlier step in the process model. The process of
reconstructing model inputs using data obtained at another point downstream in the same process
has been used in fields ranging from infectious diseases (Ghani et al. 1998; Deuffic et al. 1999)
to food safety risk assessment (Albert et al. 2008).

The relevant results from Gombas et al. (2003) for soft-ripened cheeses are shown in Table 15.
Raw results from this study are available on the FoodRisk.org website*? (Table 16). From this
dataset, the distribution of the level of contamination occurring in the plant was estimated by
“substracting” the distribution of the growth that occurs during aging, marketing and retail from
the distribution of the level of contamination at retail for soft-ripened cheese in the United States
and Canada (Figure 12). The published work of Gombas et al. (2003) and the Gombas et
al. (2003) dataset available on the FoodRisk.org website, let us easily distinguish the soft-ripened

12 hitp://foodrisk.org/exclusives/SLMREF/, accessed 12/19/2011.
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6.4.1. Method

The estimate of the frequency and level of in plant contamination was obtained in three steps:

i) A description of the prevalence and level of contamination in cheeses at retail was developed
from the Gombas et al. (2003) data set. This led to estimates for:

site-to-site variability of prevalence of cheese contamination at retail, which was assumed
to follow a Beta distribution: p ~ Beta(e, f);
the level of contamination (cfu/g) at retail for contaminated cheeses, which was assumed

to follow a logNormal distribution: In(c) ~ Normal(z, o).

ii) the estimated prevalence of contaminated cheese at retail was used as an estimate of the

probability that a cheese, at random, has contamination from the environment in the cheese

processing plant and how that probability varies. The Gombas et al. (2003) data suggest that the

prevalence p varies from site to site (Maryland and California). That variation was represented

by a Beta distribution.

iii) the amount of in-plant environmental contamination that would grow to the estimated level of

retail contamination was estimated. The process is described below, and some examples of the

calculations are shown in Table 13;
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a set of integer values Y>0 (cfu/cheese) for the number of L. monocytogenes cells in a
random contaminated 250g cheese at retail were sampled using the logNormal(y, o)
distribution of contamination (cfu/g) at retail inferred from the Gombas et al. (2003) data
set;

independently, a set of values G for the bacterial growth during the aging, marketing and
retail steps were obtained from the growth models described previously using the time
and temperature parameters for the pasteurized-milk cheese baseline model, as described
in the Exposure Assessment section;

Y and G were reordered to produce a rank correlation p. p € [-1, 1] is a parameter that
links bacterial concentration at retail with bacterial growth during the preceding steps. A
high value of p indicates that the highest bacterial concentrations at retail are due to the
highest bacterial growth during the aging, marketing and retail steps. A value of p =0

would indicate that those parameters are not linked, and thus that high retail



concentrations could be due either to high bacterial growth from low initial levels of
contamination or from low bacterial growth from high initial levels of contamination;

- the distribution of the number of bacteria in a 2509 cheese before aging was evaluated as
an empirical distribution of X = round(Y/G), with X > 0. Values of X =0 were discarded
because at least one bacterial cell needs to be present in the cheese before aging to lead to

the observation of a contaminated product at retail.

Parameter uncertainty for the « and g in the description of cheese prevalence was estimated
using a parametric bootstrap. The joint uncertainty distribution for 2 and &° in the description of

cheese contamination at retail was developed from the sampling distributions for the parameters’
maximum likelihood estimates.
The details of this inference process are given in the Appendix (section “Environmental

Contamination”). Some examples of the calculations are shown in Table 17.
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e those inputs to which small, medium or large changes evoke small, medium or large
changes to the risk output (for model diagnostics);
e those parameters for which some control effects a desired amount of control over the risk
distribution (for appropriate control points).
Spearman’s rank correlation provides one, commonly used global measure of the relationship
between a model output and its model inputs. It performs well when that relationship is
monotonic but less well in the presence of some curvilinear relationships, some thresholds and
some asymptotes in the relationship. Its use is limited to considering only one parameter at a

time. As a consequence, no interaction between parameters can be easily tested.

Table 49 uses the absolute value of the Spearman’s rank correlation coefficient between inputs
(LH column) and the risk per serving at random, calculated within the Monte-Carlo simulation
framework, to order the inputs from top to bottom in the table. No uncertainty is considered.
Inputs with positive rank correlations are ones for which the risk per serving at random increases
as the input increases. Inputs with negative rank correlations are ones for which the risk per

serving at random decreases as the input increases.

The list of inputs includes both inputs that are externally specified (Parent) and ones that are
derived from externally specified parameters by a specified functional relationship (Child). For
example, storage times and temperatures are specified; EGR2o, Tmin and K¢ are specified; serving
sizes are specified. On the other hand, EGRy during aging, transport & marketing, at retail and in
home refrigerator is derived —from the EGRy, Tmin and storage temperature; the number of
L. monocytogenes in a contaminated serving is derived —from initial contamination, growth
parameters, environmental parameters, serving size ... In Table 49, “specified” (or Parent)
parameters are in bold font and left-aligned; “derived” (or Child) parameters, ones that are
functions of Parent and other Child parameters, are in normal font and right-aligned in Table

49’s Inputs column.

The three “parent” parameters with the largest rank correlations in absolute value are ones that
lead bacterial growth, i.e. the K; parameter that relates the growth rate and the lag time, the

exponential growth rate (EGRy) and the minimal temperature of growth (Tmin, negatively
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correlated). The initial level of L. monocytogenes environmental contamination has similar but
lesser influence on the risk per serving at random. Storage time and temperature parameters are
less influential still. Home storage environmental conditions are more influential than other

storage steps’ environmental conditions.

Table 49: Spearman’s rank correlations between various inputs and the risk per serving of soft-ripened
cheese at random, made from pasteurized-milk, for the Elderly population, Canada.

Input Estimate

Specified (Parent) parameters Derived (Child) parameters
Number of Lm in contaminated servings 1.00
Number of Lm in contaminated cheese after home storage 0.95
Number of Lm in contaminated cheese after retail storage 0.83
Number of Lm in contaminated cheese after transport and marketing storage 0.75
Number of Lm in contaminated cheese after aging 0.64
Parameter K. for Lm growth lag time -0.54
Number of Lm in contaminated cheese after ripening 0.50
EGR;y during aging 0.48
EGR7 at home storage 0.45
EGR, 0.45
EGR;7 during transport and marketing 0.43
EGR; at retail storage 0.41
Tmin IN Cheese -0.36
Time when the environmental contamination occurs -0.26
Number of Lm, Environmental contamination 0.21
Number of grams of products without Lm -0.20
Time of storage at home 0.20
Temperature of home refrigerator 0.15
Serving size 0.11
Temperature at retail 0.09
Time of aging 0.09
Time to 1% consumption 0.09
Temperature during transport and marketing 0.06
Storage time at retail 0.06
Storage time during transport and marketing 0.05
Temperature during aging 0.03
Number of servings per package 0.00
Time of room storage at home 0.00
Temperature of room storage, at home 0.00

Notes: All growth parameters —EGR; K, EGRy at home, retail, transport & marketing, aging—refer to environmental
source L. monocytogenes contaminating the cheese rind.

9.3.2. Model Components’ Uncertainty

Table 50 shows the Spearman’s rank correlations between the N, values of the mean risk per
serving at random and the N values of the 97.5™ percentile risk per serving at random and some

parameters for which we included uncertainty specifications.
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Uncertainty in the dose response parameter r has a much higher impact on the uncertainty that
we associate with the mean risk per serving at random than any other single parameter. The
uncertainty of the 97" percentile is associated more highly with uncertainty about growth
parameters, notably parameters that specify the EGRy, distribution.

Table 50: Spearman’s rank correlation between the mean or the 97.5" percentile of the risk per serving of
soft-ripened cheese at random and some uncertain parameters.

Uncertain parameter For Mean risk For 97.5™ quantile of risk
Dose response r parameter 0.53 0.27
Ecosure (2007), home temperature, mean parameter -0.26 -0.03
Ecosure (2007), retail temperature, variance parameter -0.24 -0.15
Canada, consumption, logNormal, mean parameter 0.23 0.25
EGR ,, Exterior, In sigma parameter 0.20 0.38
time to 1st consumption, alpha parameter -0.17 0.04
Canada, consumption, logNormal, variance parameter 0.17 -0.01
Time to last consumption, between successive, theta parameter 0.15 0.13
EGRy, Interior, In lambda parameter 0.15 0.07
EGR ,, Interior, In alpha parameter -0.14 -0.05
E[InKx;] 0.13 0.00
Ecosure (2007), retail temperature, mean parameter 0.12 0.11
EGR ,, Interior, logit theta parameter -0.12 -0.16
Temperature at home, mu parameter -0.11 -0.15
Fraction cheeses stored in refrigerator 0.11 0.27
Time to 1% consumption, lambda parameter -0.09 -0.12
Ecosure (2007), home temperature, variance parameter 0.08 -0.07
Fraction cheeses stored open and eaten 0.08 0.00
Var(Tmin) -0.07 -0.01
Temperature at home, sigma parameter 0.07 0.14
Max. density Lm in cheese 0.05 0.09
Time to last consumption, number occasions, lambda parameter 0.04 0.02
EGR,, Exterior, In alpha parameter 0.04 0.14
EGR,, Interior, In sigma parameter -0.04 -0.01
EGRy, Exterior, logit theta parameter -0.04 0.00
EGRy, Exterior, In lambda parameter -0.04 -0.13
Var(InKx;) 0.03 0.28
E[Tmin] -0.01 0.17
Fraction cheeses stored open 0.01 0.02

Data uncertainty is not considered for all input parameters in the model. For example, we
attribute no uncertainty to the data issued from expert elicitations; we attribute no uncertainty to
some serving size distributions. We do not account for uncertainty about extrapolation of
information appropriate for one reference population to another reference population. For
example, storage time and temperature distributions are extrapolated from U.S. transport &
marketing, retail and home storage practices to Canadian practices, for which there are data gaps.
We do account for model uncertainty in representations of some data sets by empirical

distributions or analytical distributions.
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10.Results of the Model Application Alternatives

10.1. Raw-milk Cheese Baseline and Alternatives for Raw-milk Cheese

In the pasteurized-milk cheese baseline model, the milk for cheese-making is “fully” pasteurized,
meaning that no raw milk source L. monocytogenes survive the pasteurization process. In-plant
environmental contamination provides the only exposure route. In this section, we consider milk
that is not fully pasteurized. Exposure to L. monocytogenes contamination comes from both

milk-source L. monocytogenes and in-plant environmental contamination.

Soft-ripened cheeses made from unpasteurized-milk are processed using a “traditional” (i.e. “non
stabilized”) process while soft-ripened cheeses made from pasteurized-milk are processed using
a “stabilized” (Kosikowski and Mistry 1987; Lawrence et al. 1987) process. Cheese processing
also differs for the aging time at the manufacturer. Current regulations in Canada under the Food
and Drugs Act (B.08.030, B.08.043, B.08.044) allow for the sale of raw-milk cheeses if the
cheeses are stored for 60 days or more from the beginning of the manufacturing process, and at a
temperature of at least 2°C (35°F). In the U.S., similar requirements exist (21 CFR 133.182(a)).
The risk assessment model for raw-milk cheese accounts for those regulatory requirements by
specifying that the sum of the aging time at the cheese manufacturer and the time during
transport and marketing equals 60 days. The temperature during the aging period is greater than
2°C (35°F) in the pasteurized-milk cheese baseline model; it is unchanged in these alternatives
for raw-milk cheese. Here, as elsewhere in this report, we adhere to regulatory definitions for

pasteurized milk.

Section 7.1 (and Appendix, section “On Farm”) describe the model and assumptions used to
evaluate the prevalence and level of L. monocytogenes contamination of milk from the farm.
They demonstrate differences in L. monocytogenes bulk milk prevalence and levels between two
illustrative cases: farmstead-scale operations, where milk for cheese-making is collected from 1
herd of size 7 to 112 cows; and, artisanal-scale operations, where milk for cheese-making is
drawn from the milk from 2 herds of size 7 to 112 cows (D'Amico and Donnelly 2010). The
L. monocytogenes bulk milk prevalence is higher for the artisanal-scale operations case than for
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the farmstead-scale operations case while the level of L. monocytogenes contamination in

contaminated milk is nearly the same (Table 22 and Table 23 in section 7.1).

The raw-milk cheese baseline is defined from raw-milk cheeses made from farmstead-scale
operations. We evaluate the artisanal-scale operation scenario in this risk assessment as an
illustrative case. We do not treat it as a baseline for application of the mitigations later

considered in this report, though risk managers using this report may choose to do so if desired.

Reporting Outputs of Interest

The output of interest for this section is the risk per serving at random, that is, the probability of
illness (invasive listeriosis) for a soft-ripened cheese serving at random. We organize the risk
outputs’ results into tables, with features set both to meet the management charge and to help in
reporting risk outputs’ variability. Table columns separate results for populations (country x
subpopulation) and table rows report summary statistics from the distribution (variability) of that
risk output. Mean, median and variance do not adequately describe the shape of distributions as
skewed as these risk outputs’ distributions are; so, tables’ summary statistics report several

percentiles, including ones in the lower and upper tails, as well.

Results in the first part of section 10.1.1. ignore parameter uncertainty; setting parameters to
their most likely values describes only variability, as appropriate to context. Results in the
second part of section 10.1.1. account for both the parameters’ description of variability and also
the uncertainty that we associate with those variability descriptions, insofar as the uncertainty

can be captured.

We evaluate the change in the mean risk per serving at random and the median risk per serving at
random with reference to a change in a particular alternative from baseline models setting using
the dMean and dMedian statistics as in section 9. dMean and dMedian are evaluated as the

ratios:
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_ [Mean evaluated using an alternative model]

dMean = - - ,
[Mean evaluated using the baseline model]

Median evaluated using an alternative model]

dMedian = [ - - -
[Median evaluated using the baseline model]

A large value of dMean indicates a large impact of the alternative on the highest percentiles of
the risk per serving at random distribution, and so, on the mean of the risk per serving at random
distribution. dMean values greater than 1 point to alternatives whose changes effect an increase
in the mean value, relative to the mean value calculated at the baseline value. dMean values less
than 1 point to alternatives whose changes effect a decrease in the mean value, relative to the
mean value calculated in the baseline model. A large dMedian value indicates that the alternative
has a large impact on the whole risk distribution, particularly effecting a shift of location for the
risk distribution. Note that the mean risk per serving at random is linearly linked to the expected

number of cases in the population.

The change in the mean risk per serving at random and the change in the median risk per serving
at random are evaluated relative to the pasteurized-milk cheese baseline, as previously, and

relative to a raw-milk cheese baseline.

Calculation Methods

Calculated results use the simulation model’s Analytica™ implementation, 100,000 iterations,
with Median Latin Hypercube sampling or use the Analytica™ implementation of the simulation
model, N, =25,000 samples in the variability dimension and N, =200 iterations in the
uncertainty dimension, with Median Latin Hypercube sampling (variability dimension) and a
hybrid of Median Latin Hypercube and Simple Monte Carlo sampling (uncertainty dimension).
This number of iterations is sufficiently high to obtain good convergence for the main statistics
of interest in both dimensions (see Appendix, section “Simulation Estimator Characteristics for
the Risk outputs™).
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10.1.1. Baseline for Raw-Milk Cheese

No Uncertainty Considered

For populations in Canada, mean risk per raw-milk soft-ripened cheese serving at random varies
as 3.8 x 107, 9.2 x 107, 4.2 x 107 among the susceptible populations (Elderly, Pregnant women,
Immunocompromised, respectively) and 9.5 x 10”° in the non-susceptible population (General)
(Table 51). These values correspond to one case of invasive listeriosis per 2,600,000 servings
eaten by individuals in the Elderly population, 1,100,000 servings in the Pregnant women
population, 2,400,000 servings in the Immunocompromised population and 105 Million servings
in the General population.

For populations in the U.S., the mean risk per raw-milk soft-ripened cheese serving at random
varies as 8.2 x 107, 1.8 x 10, 8.1 x 10" among the susceptible Elderly, Pregnant women and
Immunocompromised populations, respectively, and 1.8 x 10® in the non-susceptible General
population. These values correspond to one case of invasive listeriosis per 1,200,000 servings
eaten by individuals in the Elderly population, 570,000 servings in the Pregnant women
population, 1,200,000 servings in the Immunocompromised population and 55 Million servings

in the General population in the U.S.

The median risk is much lower than the mean, ranging from 8.9 x 10™** to 4.0 x 10" per serving
at random among the Canadian populations and from 1.9 x 10™ to 1.3 x 10 per serving at
random in the U.S. populations. This reflects the asymmetric distribution of the risk in the
population of servings: some rare events with high probability of illness considerably influence
the mean value, a phenomenon that we observed also in the results for the pasteurized-milk

cheese (section 9).
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