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Invasive listeriosis is a potentially fatal foodborne disease that according to this study may affect up to 32.9 % of
the US population considered as increased risk and including people with underlying conditions and co-
morbidities. Listeria monocytogenes has been scrutinized in research and surveillance programs worldwide in
Ready-to-Eat (RTE) food commodities (RTE salads, deli meats, soft/semi-soft cheese, seafood) and frozen veg-
etables in the last 30 years with an estimated overall prevalence of 1.4-9.9 % worldwide (WD) and 0.5-3.8 % in
the United States (US). Current L. monocytogenes control efforts have led to a prevalence reduction in the last 5
years of 4.9-62.9 % (WD) and 12.4-92.7 % (US). A quantitative risk assessment model was developed, esti-
mating the probability of infection in the US susceptible population to be 10-10,000x higher than general
population and the total number of estimated cases in the US was 1044 and 2089 cases by using the FAO/WHO
and Pouillot dose-response models. Most cases were attributed to deli meats (>90 % of cases) followed by RTE
salads (3.9-4.5 %), soft and semi-soft cheese and RTE seafood (0.5-1.0 %) and frozen vegetables (0.2-0.3 %).
Cases attributed to the increased risk population corresponded to 96.6-98.0 % of the total cases with the highly
susceptible population responsible for 46.9-80.1 % of the cases. Removing product lots with a concentration
higher than 1 CFU/g reduced the prevalence of contamination by 15.7-88.3 % and number of cases by 55.9-100
%. Introducing lot-by-lot testing and defining allowable quantitative regulatory limits for low-risk RTE com-
modities may reduce the public health impact of L. monocytogenes and improve the availability of enumeration
data.

1. Introduction

Invasive listeriosis is a rare but severe foodborne illness caused by
Listeria monocytogenes that affects increased risk individuals such as
elderly (>65 yrs.), pregnant women and neonates and ‘highly suscep-
tible’ populations with underlying disease conditions or comorbidities
(i.e., diabetes, cancer, and inflammatory diseases) (Falk et al., 2016;
FAO/WHO, 2004; Goulet et al., 2012; Pohl et al., 2017, 2019). These
subpopulations may account for 20-30 % of the total population but
suffer the vast majority of the listeriosis cases (Falk et al., 2016; Goulet

et al., 2001; Pérez-Rodriguez et al., 2017; Pouillot et al., 2015).
Overall incidence rates of invasive listeriosis worldwide were esti-
mated by WHO in 2010 as 0.34 reported cases per 100,000 population
(0.10-0.47 among different regions) (de Noordhout et al., 2014). In the
United States (US), a rate of 0.28 cases per 100,000 population was
estimated for 2020 and in the European Union (EU) a rate of 0.47 cases
was estimated in 2018 (CDC, 2021; ECDC, 2020). While the incidence
rates are low, case fatality rates (CFR) are high in the US and EU as last
reported CFR were 15.9 and 15.6 %, respectively (EFSA and ECDC,
2019; Scallan et al., 2011). An increase in listeriosis incidence is
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expected due to demographic changes and health status factors such as
the aging of the population, higher percentage of consumers with un-
derlying disease conditions (e.g., suffering a disease such as type-2
diabetes or surviving a serious condition such as cancer or AIDS) and
increased consumption of high-risk ready-to-eat (RTE) foodstuffs (EFSA
BIOHAZ Panel, 2018; Pohl et al., 2017, 2019). Attempts to assess liste-
riosis incidence need to account for changes in the ‘highly susceptible’
population. However, these estimation efforts are compromised by the
lack of granularity regarding the prevalence of underlying conditions in
the population and changes in food consumption patterns among ‘highly
susceptible’ persons.

L. monocytogenes has been the focus of several quantitative risk
assessment models (QMRA) aimed at estimating the incidence of inva-
sive listeriosis based on a single food commodity (FDA/Health Canada,
2015; FSIS, 2010; Pasonen et al., 2019; Zoellner et al., 2019) or several
RTE commodities (EFSA BIOHAZ Panel, 2018, 2020; FAO/WHO, 2004;
FSIS, 2003; Garrido et al., 2009; Pérez-Rodriguez et al., 2017; Pradhan
et al., 2009). The evaluation of listeriosis incidence among highly sus-
ceptible populations in QMRA models due to the consumption of various
food commodities is still very limited (Falk et al., 2016) but can be very
valuable to guide future risk management efforts (Farber et al., 2021).

Risk mitigation measures evaluated to reduce the prevalence of
L. monocytogenes contamination in foods have been focused on the use of
growth inhibitors and anti-listerial formulations, modified atmosphere,
heat treatment during processing (i.e., pasteurization or blanching),
post-lethality treatments (i.e., high pressure processing or irradiation),
improved sanitation, worker behavior, cheese aging, adequate refrig-
eration temperature and proper handling and cooking at home (Cam-
pagnollo et al., 2018; Endrikat et al., 2010; EFSA BIOHAZ Panel, 2020;
FDA/Health Canada, 2015; Gallagher et al., 2016; Pasonen et al., 2019;
Pradhan et al., 2009; Tirloni et al., 2018). The use of microbial regula-
tory limits and testing schemes such as environmental monitoring
(particularly food contact surfaces) and final product testing are also
potential risk mitigation strategies to reduce the overall
L. monocytogenes prevalence. The approaches to control L. monocytogenes
in ready-to-eat (RTE) foods differ worldwide and can be summarized as
following a zero tolerance (absence in 25 g) or a maximum enumeration
level of 100 CFU/g depending on if the food allows the growth of the
pathogen (e.g., pH, water activity, frozen) (Farber et al., 2021).
Importantly, the use of a generic zero tolerance regulatory limit for all
RTE food commodities (that may or may not support the growth of
L. monocytogenes) may have several unintended consequences; food
waste may increase with more food recalls, the food industry may be
discouraged from collecting direct food contact surface samples, and
regulatory agencies may limit enumeration of end-product samples,
thereby reducing the overall accuracy of the risk assessment models due
to the lack of enumeration data (Archer, 2018; Chen et al., 2003; Farber
et al., 2021). Such an approach also has the potential to distort the de-
gree of attention and type of prevention efforts needed as food com-
modities pose a different risk level relative to this pathogen.

The impact of different quantitative microbiological criteria (i.e.,
100 CFU/g) and sampling plans based on enumeration levels (CFU/g) (i.
e., quantitative three-class sampling plans) for food commodities that do
not support the growth of L. monocytogenes laid out by Farber et al.
(2021) on reducing the risk of illness have been evaluated in previous
studies (Chen et al., 2003; FAO/WHO, 2004; FSIS, 2003; Lambertini
et al., 2019). However, changing the regulatory limits need to be
accompanied by adequate sampling plans to allow industry to detect
contaminated lots and comply with the new microbiological criteria.
The main objectives of this study were: i) perform a retrospective
analysis of the changes in prevalence and concentration levels of
L. monocytogenes in various commodities (RTE salads, deli meats, soft
and semi-soft cheese, RTE seafood and frozen vegetables) over the last
30 years; ii) estimate the net public health effect of removing lots with
certain levels of contamination (1, 10 and 100 CFU/g) from the market.
Most frozen vegetables are marketed with validated cooking instructions
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and are not considered RTE foods. However, frozen vegetables may also
be consumed without following these instructions in their entirety, such
as directly adding them to smoothies or salads. Due to these consumer
behaviors, the U.S. Food and Drug Administration (FDA) in its draft
guidance identifies specific frozen vegetables, such as peas, kale, carrots,
and spinach, as more likely to be consumed without cooking (FDA,
2017, 2018; Kataoka et al., 2017; Zoellner et al., 2019). For this study,
the exposure dose associated with frozen vegetables was assumed to be
the level of contamination at the point of purchase with no reduction
due to cooking or increase due to prolonged storage in a thawed state.

2. Methodology
2.1. Literature search

A literature review was carried out using PubMed, Web of Science
and Google Scholar for studies published between 1990 and 2020
providing the prevalence and/or enumeration levels of Listeria mono-
cytogenes in RTE salads (packaged salads with or without meat/seafood
excluding raw commodities and herbs), deli meats (ready-to-eat poultry
or meat product with or without heat treatment), soft and semi-soft
cheeses (from pasteurized and unpasteurized milk), RTE seafood (hot/
cold-smoked salmon, other smoked fish, salted, canned, dried, heat-
treated and pickled seafood) and frozen vegetables (see Appendix A
for a complete list of references). Other RTE food commodities such as
sandwiches, refrigerated and frozen desserts, nuts, etc. were not
included in the study. Data were retrieved from original experimental
studies (excluding reviews, conference proceedings, book chapters and
artificially inoculated studies) and US regulatory surveillance reports
including USDA Food Safety Inspection Service (FSIS) and Food and
Drug Administration (FDA). There was no restriction in the number of
samples tested in the study and studies included those published in
English and Spanish. The review published in 2019 by Churchill et al.
(2019) was used as reference to collect prevalence and enumeration data
on L. monocytogenes in RTE salads, soft cheeses and deli meats published
studies and updated with new studies released between 2019 and 2020
(Appendix A). The studies conducted in the US were selected and
analyzed to estimate the prevalence and enumeration levels for the US
scenario. Prevalence of contamination data for the last five years
(2015-2020) in the US was used to develop the quantitative risk
assessment model (QMRA).

2.2. L. monocytogenes prevalence and enumeration data

Data obtained from published studies were used to estimate the
L. monocytogenes prevalence in food products at retail level worldwide
and in the US for each commodity by adding total number of
L. monocytogenes positive samples (at least 1 CFU in 25 g) over the total
number of samples analyzed per commodity in all studies combined. As
the actual prevalence for each food category was assumed to be un-
known, a beta distribution was built to represent uncertainty on this
parameter based on the collected data (Table 1). The percentage of
samples reported to be >100 CFU/g were also estimated for each
commodity (Fig. 1). L. monocytogenes enumeration level data (log CFU/
g) were obtained from published studies that reported the microbial
levels found in the product or number of samples with a certain con-
centration range. A total of 5638 samples were reported to be enumer-
ated among all commodities where 97.7 % were provided as a range of
microbial levels or above/below a quantification threshold and 2.3 %
were provided as a single microbial count (CFU/g). The enumeration
data were incorporated in the quantitative model by using different
approaches depending on the type of data published: i) single microbial
count (CFU/g) was not further processed and was used as a single value
assuming homogeneous concentration throughout the lot; ii) concen-
tration within a microbial level range (i.e., 10~100 CFU/g) was modeled
with a uniform distribution between the minimum and maximum



F. Sampedro et al.

Table 1 (continued)
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Inputs

Distribution/value

Reference

Table 1

Model inputs for the baseline enumeration model.
Inputs Distribution/value Reference
Prevalence ~Beta (n + 1, n-p + 1) Data collected in

Within lot concentration
(log CFU/g)

L. monocytogenes
concentration at retail
(log CFU/g)

L. monocytogenes growth
rates (GR) (log CFU/g/
h)

L. monocytogenes lag
phases (min, max) (h)

L. monocytogenes growth
during transport (log
CFU/g)

L. monocytogenes growth
during storage at home
(log CFU/g)

n: total number of samples; p:
positive samples for

L. monocytogenes

Within lot variability was
characterized by:

Single value

Range: ~Uniform (min., max.)
# samples <100 CFU/g:
~Uniform (0.04, 99)

# samples >100 CFU/g:
~Uniform (101, 10x reported
microbial level)

Normal (pan samples Obetween lots)

RTE salad

GR = (0.0144 x (T + 1.60))2
(closed bag)

GR = (0.016 x (T + 4.26))">
(open bag)

Deli meat

Products with growth inhibitors
(GD: 34.9 %

Products without growth
inhibitors (w/out GI): 65.1 %
Turkey (GI)

GR: ~Logistic (0.0975, 0.0253)
Turkey (w/out GI)

GR: ~Logistic (0.2755, 0.0723)
Ham (GI)

GR: ~Logistic (0.1065, 0.0282)
Ham (w/out GI)

GR: ~Logistic (0.1941, 0.0472)
Beef (GI)

GR: ~Logistic (0.1258, 0.0517)
Beef (w/out GI)

GR: ~Logistic (0.2722, 0.0646)
Soft/semi-soft cheese

FSIS GR1: ~Normal (0.0034,
0.0057)

FSIS GR2: ~Normal (0.0037,
0.012)

FSIS GR3: ~Normal (—5.42 x
1074, 0.0055)

FSIS GR4: ~Normal (—0.002,
0.0013)

V/GR = 0.0056 x (T + 11.375)
V/GR = 0.0049 x (T + 5.1837)
GR = (0.0090 x (T + 10.47)"

RTE seafood

FSIS GR: ~Normal (0.0062,
0.004)

Turkey (GD): 57.36-572.88
Turkey (w/out GI):
11.04-133.20

Ham (GI): 146.64-830.88

Ham (w/out GI): 9.60-406.56
Beef (GI): 64.32, 547.44

Beef (w/out GI): 26.88, 313.44
Transport temperature (°C):
~Normal (16.8, 4.5, truncate (0,
30))

Transport time (h): ~Uniform
(0.5, 1.0)

Growth during transport (log
CFU/g): Average growth rate at
transport T*transport time
Home storage temperature (°C):
~Laplace (4.06, 2.31, truncate
(=5,13))

RTE salad

this study

Data collected in
this study

Data collected in
this study

Sant'Ana et al.
(2012)

Koseki and Isobe
(2005b)

Pradhan et al.
(2009) cited in
Gallagher et al.
(2013); FSIS
(2020)

FSIS (2003)

Tiwari et al.
(2014)
Uhlich et al.
(2006)

FSIS (2003)

Maximum Population
Densities (MPD) (log
CFU/h)

Pradhan et al.
(2009) cited in
Gallagher et al.
(2013)

Tsironi et al.
(2017)

L. monocytogenes
concentration at home
(CFU/g)

Pouillot et al.
(2010)

Consumption estimates

Use by date (UBD) (h):
~Betageneral (60.74, 80.71,
288.74)

Purchase date (PD) (h):
~Triangular (0.1, UBD x 0.8 x
0.5, UBD x 0.8)

Storage time at home (h):
~Exponential (UBD-(PD +
transport time)/3, truncate
(UBD x 1.25))

Growth during storage at home
(log CFU/g): Average growth
rate at home storage T*storage
time

Deli meat

Storage time at home “sliced in
store” (h): 0.47*Weibull (49.92,
199.92, truncate (408))
Storage time at home “pre-sliced
by manufacturer” (h):
0.46*Weibull (30.96, 492,
truncate (1608))

Storage time at home “pre-sliced
by store” (h): ~Exponential
(1.74, truncate (1512))

Growth during storage at home
(log CFU/g): IF (storage time <
lag phase, 0, (storage time-lag
phase)*growth rate at home
storage T*% slicing scenario
Soft/semi-soft cheese

Time remained unopened (h):
~Weibull (Normal (19.92,
2.088), Normal (120, 14.4)))
Number of servings: ~Poisson
(Normal (2.7, 1))

Time between servings (h):
~Exponential (Normal (79.2,
26.4))

Storage time from opened till
last consumption (h): Number of
servings*time between servings
Growth during storage at home
(log CFU/g): Average growth
rate at home storage T*storage
time

RTE seafood

Total storage time (h): ~Pert
(12, Uniform (72, 120), Uniform
(360, 720))

Growth during storage at home
(log CFU/g): Average growth
rate at home storage T*storage
time

RTE salad: ~Normal
((0.04*home storage T + 12.43,
EXP (—0.17)), truncate (4, 9))
Deli meat: ~Normal
((0.17*home storage T + 5.69,
EXP (—0.12)), truncate (4, 9))
Soft/semi-soft cheese: ~Normal
((0.17*home storage T + 4.35,
EXP (—0.12)), truncate (4, 9))
RTE seafood: ~Normal
(((0.10*home storage T + 4.60),
EXP (—0.12)), truncate (4, 9))
IF((concentration at retail +
growth during transport +
growth at home) > MPD, MPD,
(concentration at retail +
growth during transport +
growth at home))

~Poisson (10" concentration at
home)

Portion size (g): ~Normal
(mean, SD) for each population

Pérez-Rodriguez
and Garcia-
Gimeno (2013)
Chung and Li
(2014)

Nauta et al. (2003)

Pouillot et al.
(2010); FSIS
(2003)

FDA/Health
Canada (2015)

FSIS (2003)

Koseki and Isobe
(2005a)

Pérez-Rodriguez
et al. (2017)

Estimated in this
study

CDC (2018)

(continued on next page)
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Table 1 (continued)

Inputs Distribution/value Reference

Annual consumption frequency

(number of servings/person):

Normal (mean, SD) for each

population (Table 2)

Total annual number of servings

per population: Annual

consumption

frequency*population size

Contaminated servings: Number  Estimated in this
of servings*Prevalence study

Dose (CFU) = Portion
size*concentration at home
Exponential model: Pips =1 —
a-nP°

r-Values FAO/WHO model:
General population: 2.37 x

Contaminated servings
and ingested dose

Dose-response models

FAO/WHO (2004)

1014

Susceptible population: 1.06 x

10712

r-Values Pouillot model: Pouillot et al.
(2015)

Healthy adults: 7.90 x 107'2

Older than 65 yrs.: 1.49 x 10~ 1°

Pregnant women: 2.01 x 107%

Highly susceptible: 2.24 x

107% as the average of all high

susceptible subgroups (cancer,

diabetes, HIV, transplant, organ

failure)

New prevalence by removing Estimated in this
samples >1, 10 or 100 CFU/g study

New concentration by removing

samples >1, 10 or 100 CFU/g

Number of contaminated Estimated in this
servings* [Py study

Number of cases/2.1 Scallan et al.
(underreporting factor) (2011)

L. monocytogenes new
prevalence and
concentration at retail
(threshold levels)

Number of cases

Number of reported cases

concentration (CFU/g); iii) concentration lower than a certain microbial
level (i.e., <100 CFU/g) was modeled assuming a uniform distribution
ranging between 1 CFU in 25 g (0.04 CFU/g), as the minimum con-
centration, and the reported microbial level minus 1 CFU/g, represent-
ing the maximum concentration (i.e., 99 CFU/g); iv) concentration
higher than a certain microbial level (i.e., >100 CFU/g) was modeled
assuming a uniform distribution with a minimum concentration corre-
sponding to the reported microbial level plus 1 CFU/g (i.e., 101 CFU/g)

® Enumerated over positive samples (%)

86.3
56.5
35.9 36.2
19.2
o 96 10.9 52 '
WD Us WD Us

WD

%)
o
)

RTE salads (n=43,162) Deli meats (n=343,231)

Soft/S-soft cheese (n=56,988)
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and a maximum concentration expressed as 10 times the reported mi-
crobial level (i.e., 1000 CFU/g). Between-lot variability was estimated
by a log-normal distribution characterized by the mean of all lot con-
centration values representing the overall mean of L. monocytogenes
concentration in that food commodity and standard deviation repre-
senting the variability of the mean concentration among lots (log CFU/
g) (Lambertini et al., 2019). Appendix B shows the L. monocytogenes
enumeration data collected from available studies.

2.3. Risk assessment model framework

A quantitative risk assessment model (QMRA) was developed using
Microsoft Excel and @Risk 7.6 (Palisade Corp., NY) to estimate the
public health outcomes (mean risk of illness, predicted number of
listeriosis cases and number of reported cases) in the US population after
the consumption of contaminated food commodities (Table 1). The
modeling process was developed based on estimating the exposure
levels to L. monocytogenes through the different food commodities and
then using the estimates to input a dose-response model, in combination
with consumption data, to produce public health outcomes. The expo-
sure model described the fate of L. monocytogenes in the targeted food
commodities from retail to home, considering as main factors the
prevalence and concentration at retail point and the possible growth
from purchase to consumption. For growth, predictive models were
applied defining kinetic parameters for each food matrix and using as
variables storage temperature, time and shelf-life, that were described
on the basis of existing scientific literature and data. A more detailed
explanation of the model is contained in the Appendix C. Prevalence
data collected over the last 30 years (1990-2020) were compared with
data obtained in the last 5 years (2015-2020) in the US. Due to data
limitations, enumeration data for the whole study period (1990-2020)
was used to populate the model. Models for the two time periods were
run and compared by the impact on the public health metrics for each
food category. The model considered prevalence as the only uncertainty
input variable while for the other inputs, variability and uncertainty was
not separated. Therefore, the model was two-dimensional, and estimates
were reported by the mean and 95 % confidence interval (CI) values.

2.4. Exposure assessment

Microbial growth during transport was estimated from temperature
and transport time data reported by Tsironi et al. (2017). US household

0> 100 CFU/g over enumerated samples (%)

-
o«
Q

65.7
445
40.2 40.5
35.7
20.1
8.5 - a
Us WD Us WD UsS

RTE seafood (n=37.145) Frozen vegetables (n=18,989)

Fig. 1. Total number of samples analyzed, percentage of enumerated over the positive samples (%) and percentage of samples higher than 100 CFU/g over the total

enumerated (%) and positive samples (%) for each commodity.
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Table 2
Consumption patterns among population groups from NAHEMS dietary history (2015-2016) and foodnet.

b,

Population group’ % over total population RTE salads Deli meats Soft and semi-soft cheese RTE seafood Frozen vegetables

Average individual eating occasions per year™®

Healthy adults (<65 yrs.) 67.1 105.1 87.8 23.2 26.3 29.6
Healthy adults (>65 yrs.) 12.2 134.0 79.5 27.0 22.2 28.9
Healthy pregnant women 0.9 88.3 62.5 18.4 37.0 21.1
Highly susceptible 19.7 103.3 86.3 22.8 25.8 29.1
Total increased risk 32.8 114.3 83.1 24.2 24.8 28.8

@ The proportion of healthy population (<65 yrs., >65 yrs. and pregnant women) was estimated by calculating the proportion of the specific population over total
population (329 million) from (Roberts et al., 2018; United States Census Bureau, 2018; U.S. Centers for Disease Control and Prevention/National Center for Health
Statistics/National Vital Statistics System, 2019). The proportion of healthy elderly and pregnant women was calculated by subtracting the proportion that presented
any of the comorbidities listed in the highly susceptible population.

b The proportion of highly susceptible population was estimated by calculating the number of cancers, HIV, organ transplant, diabetes, heart disease and inflam-
matory disease cases in the US from data sources (Department of Health and Human Services, 2019; CDC/Center for Chronic Disease Prevention and Health Promotion,
2019; CDC/National Diabetes Statistics Report, 2020; CDC/Cancer Data and Statistics, 2020; Dahlhamer et al., 2016; Helmick et al., 2008; Lawrence et al., 2008; NIH/
National Institute of Diabetes and Digestive and Kidney Diseases, 2016; United Network for Organ Sharing (UNOS), 2018). The highly susceptible included the
proportion of the population that presented any of the comorbidities listed for the general population (<65 yrs.), elderly and pregnant women.

¢ The proportion of increased risk was estimated by adding the proportion of healthy elderly, healthy pregnant women and highly susceptible.

4 The number of individual food portions consumed per year for that RTE commodity in the highly susceptible population was estimated from (Coa et al., 2014) with
self-reported dietary patterns in cancer patients where 21.6 % reported a 25 % increase in appetite, 48.5 % reported the same consumption pattern and 30.4 % reported
a 25 % decrease.

¢ The number of individual food portions consumed per year for that RTE commodity in the increased risk population was estimated by the proportion of each
population (>65 yrs. pregnant and highly susceptible).

refrigerator temperatures were modeled using data reported by Pouillot 10%-10° CFU/g (depending on the maximum concentration reported in
et al. (2010) and FDA/Health Canada (2015). Due to the lack of specific research studies in the food commodity). MPD at home were calculated
data, household storage time for RTE salads were calculated with the based on the refrigerator storage temperature and for RTE salads were
‘use by date’ (UBD) considering purchasing behavior may be determined obtained from Koseki and Isobe (2005a) while for the rest of the com-
by the remaining shelf-life. Domestic storage time variation was then modities was estimated by the mathematical equations derived by
estimated by using the mathematical approach proposed by Nauta et al. Pérez-Rodriguez et al. (2017). The calculated MPD was assumed to be
(2003): representative for the pathogen in each food type. Then, the MPD esti-

mates were combined with the respective standard deviation values
(@D)] derived from the study by Pérez-Rodriguez et al. (2017) to define normal
distributions describing MPD variation for each food category. Total
L. monocytogenes growth from retail to consumption was estimated by
adding the growth during transport and growth during storage at home
calculated by taking the average of the growth rate for both unopened
and opened package scenarios (Table 1). No growth during shelf-life was
assumed for the frozen vegetables category.

UBD — PD — Tt)
3

Storage time ~ Exponential (

where UBD is the use by date time (h), PD is the purchase date (h), and
Tt is the transport time (h). It was assumed that 5 % of domestic storage
time values were over the recommended UBD.

Household storage times for RTE deli meats were based on estimates
reported by Pouillot et al. (2010) for products “sliced in store” (47.3 %),
“pre-sliced by manufacturer” (45.9 %) and “pre-sliced by store” (6.8 %).

Due to the extended storage times for deli meat products, a correlation 2.5. Dose-response relationship
matrix between storage temperature and time was built (negative cor-
relation —0.25) to avoid long time and high storage temperature com- The exponential dose-response model developed by FAO/WHO
binations, which are expected not to contribute to risk as, under those (2004) for general (rsom = 2.37 x 10~ and susceptible (5o, = 1.06 X
conditions, the product would be probably spoiled making it unac- 10!2) population and the log-normal exponential model developed by
ceptable for consumption (Pérez-Rodriguez et al., 2007). Household Pouillot et al. (2015) for healthy adults (rsom, = 7.82 x 10’15), older
storage time data for soft cheeses was obtained from FDA/Health Can- than 65 yrs. (rson = 1.47 % 10713, pregnant (rsom = 1.99 X 107'?) and
ada (2015) by adding the estimated time unopened (h) and the time highly susceptible (calculated weighted average value for all susceptible
remained opened till last consumption (h). Domestic storage time for subpopulations rsoi, = 6.49 X 10’13) were used to estimate the proba-
RTE seafood was obtained from FDA/FSIS (2003). bility of illness. A conservative approach was used regarding virulence
L. monocytogenes growth rates in RTE salads were obtained from CB variability assuming all L. monocytogenes strains were able to cause
Premium software by using the data reported in Koseki and Isobe human illness following the decision taken by most regulatory agencies
(2005a) for an opened bag and Sant'Ana et al. (2012) for an unopened (EFSA, 2018). The number of cases was estimated by integrating
bag. Growth rates for beef, turkey, and pork deli meats with and without mathematically the estimated probability of illness distribution and
inhibitors were obtained from Pradhan et al. (2009) cited by Gallagher incorporating, in the calculations, the uncertainty on prevalence by

et al. (2013) and FSIS (2010). An analysis of FSIS sampling data on RTE using 2.5th and 97.5th percentiles from the prevalence distribution.
meat and poultry products (2013—2020) revealed that 34.9 % of the US
meat industry that is inspected by FSIS uses a post-lethality treatment
and/or growth inhibitors and this was used to model the lag phase du-
rations (h) and microbial growth during storage assuming the potential
recontamination with L. monocytogenes during slicing (FSIS, 2020).
Growth rates in RTE seafood were obtained from data reported in FDA/
FSIS (2003) and in soft and semi-soft cheese by using additional data
from CB premium references (Uhlich et al., 2006; Tiwari et al., 2014).
Maximum population density (MPD) values at retail were restricted to

2.6. Population and consumption estimates

The percentage of increased risk population in the US (32.9 %) was
obtained by adding the healthy >65 yrs., healthy pregnant and highly
susceptible subpopulations. The percentage of highly susceptible pop-
ulation in the US (19.7 %) was obtained by adding the subpopulations
with underlying conditions, namely cancer (1.76 x 10° persons, CDC/
Division of Cancer Prevention and Control, 2020a,b), renal or liver
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Average L. monocytogenes prevalence and enumeration level estimated among all food categories conducted worldwide (WD) and in the US.

Food category Scenario  Samples analyzed over all Total number of samples and estimated Total number of enumerated samples and mean
commodities (%) prevalence (%)” concentration (log CFU/ g)h
RTE salads WD 8.6 43,162 668
2.2 (2.1-2.4)" 0.0 (2.4, 2.5)
us 6.0 18,760 386
1.6 (1.4-1.7) —0.5(-2.8,1.6)
Deli meats WD 68.7 343,231 1671
1.4 (1.3-1.9) 1.4 (-0.5, 3.3)
us 86.6 270,346 119
0.5 (0.5-0.6) 0.3 (-3.0, 3.6)
Soft/semi-soft WD 11.4 56,988 306
cheese 2.0 (1.9-2.2) 1.5(-1.9, 4.8)
us 4.7 14,781 47
0.8 (0.7-0.9) -0.2(-4.1,3.8)
RTE seafood WD 7.4 37,145 1490
9.9 (9.6-10.2) 1.6 (0.9, 4.1)
us 2.3 7056 179
3.8 (3.4-4.3) 0.4 (2.4, 3.3)
Frozen vegetables =~ WD 3.8 18,989 758
8.9 (8.6-9.4) 0.7 (1.0, 2.5)
us 0.4 1186 14
1.7 (1.0-2.5) 1.6 (—1.2,3.8)

2 Calculated prevalence (having at least 1 CFU in 25 g) from all published studies (1990-2020).
b Uncertainty around prevalence was estimated by the mean and 95 % CI and variability around concentration by mean and 2.5th and 97.5th values truncated at the

highest concentration value observed among all studies published (10*-10° CFU/g).

failure (5.16 x 10° persons, NIH/National Institute of Diabetes and
Digestive and Kidney Diseases, 2016; CDC/National Center for Health
Statistics, 2019), solid organ transplant (3.65 x 10* persons, United
Network for Organ Sharing, 2018), inflammatory diseases (bowel in-
flammatory disease, rheumatoid arthritis, giant cell arteritis) (4.53 x
10° persons, Dahlhamer et al., 2016; Helmick et al., 2008; Lawrence
et al., 2008), HIV/AIDS (1.10 x 10° persons, U.S. Department of Health
& Human Services/HIV.gov), diabetes (3.42 x 107 persons, CDC, 2020a,
b) and heart diseases (1.82 x 107 persons, National CDC/Center for
Chronic Disease Prevention and Health Promotion). The percentage of
healthy elderly population (>65 yrs., 12.2 %) was obtained from the
report by Roberts et al. (2018) subtracting the population > 65 yrs. that
belong to the highly susceptible. The percentage of healthy pregnant
(0.9 %) was obtained from data reported by U.S. Centers for Disease
Control and Prevention/National Center for Health Statistics/National
Vital Statistics System (2019) subtracting the pregnant population that
belong to the highly susceptible.

Number of servings (mean + SD) and log-scale of portion sizes (mean
+ SD) (log g) for the different subpopulations (healthy adults, >65 yrs.
and pregnant) and food commodities were obtained from the NHANES
dietary history 2015-2016 (CDC, 2018). The dietary histories provide
numbers of servings and sizes of each serving for two nonconsecutive
days. For the total, elderly, and pregnant populations, two-day food
histories were used to estimate number of servings in two days as well as
average serving size for each food commodity. Weighted averages were
taken using the NHANES survey weights to assure representativeness to
the general US population. Numbers of servings for the highly suscep-
tible subpopulation were calculated using a dietary survey among can-
cer patients where 21.6 % of the patients reported to eat 25 % more,
48.5 % same and 30.4 % 25 % less frequency of eating in respect to a
previous healthy condition (Coa et al., 2014). It was assumed that
portion sizes were similar to the healthy adult population. Annual
consumption totals were estimated by multiplying the mean and stan-
dard deviation of the two-day consumption totals by 182 (i.e., 365 days/
2). Table 2 shows the dietary pattern estimates for all the populations
considered in this study.

2.7. Model simulation settings

The model was simulated with 100,000 iterations using Latin

Hypercube sampling technique implemented in the software @Risk 7.6
(Palisade Inc., USA). The number of iterations was optimized to achieve
a suitable convergence level in the main distribution statistics (mean,
SD, and 95th percentile), considering that an output converges when the
variation rate in the associated statistics was lower than 1 %. In the
model, each iteration was regarded to represent an individual contam-
inated serving, with the corresponding individual dose simulated from a
Poisson process. A quality check was also performed in the model
simulation results to identify the appearance of invalid results. Output
estimates were characterized by the mean and 95 % confidence interval
(CID) values.

2.8. Public health impact of removing highly contaminated lots

The US baseline scenario for each food commodity (2015-2020) was
compared with the application of different quantitative microbiological
criteria assuming each lot was tested and removed from the production
chain if were above the criteria of 1, 10 and 100 CFU/g. For this, a 3-
class mixed sampling plan (m = absence in 25 g and M = 0.1, 1.0 or
2.0 log CFU/g) was used as a testing scheme to estimate the number of
samples to be analyzed (n) to detect a contaminated lot with 95 %
confidence by using two stringency levels (c = 1 and ¢ = 2) (ICMSF,
2020). As with any sampling plan, certain percentage of positive lots
could go undetected even having a concentration higher than the
threshold level (1, 10 and 100 CFU/g) namely ‘false negative lots’. The
percentage of undetected positive lots were also estimated for each
sampling scheme and threshold level. It was also assumed that the
samples analyzed from a lot (i.e., 3 samples) represented the pathogen
concentration within the entire lot and if all the samples were below or
within the allowable limits then the entire lot was deemed to be
acceptable. The US baseline model and the different scenarios were run
and compared by the impact on the public health metrics (reduction of
the overall prevalence and mean number of illnesses). When assessing
the effect of removing lots above a certain threshold level, it was
assumed that the L. monocytogenes enumeration level reported repre-
sented all positive samples (since some positive samples were not
enumerated in the original study).
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L. monocytogenes prevalence reduction during last five years (2015-2020) over total period (1990-2020).

Food category Scenario Samples analyzed over all commodities (%) Total number of samples and estimated prevalence (%)" Prevalence reduction (%)"
RTE salads WD 7.1 10,694 (0.8) 62.9 (54.3, 70.4)
us 4.6 4865 (0.6) 57.9 (41.5, 71.4)
Deli meats WD 66.7 100,102 (0.9) 40.8 (35.4, 45.9)
us 85.5 90,785 (0.2) 45.7 (39.8, 51.7)
Soft/semi-soft cheese WD 7.9 11,852 (1.9) 6.9 (-7.0, 19.7)
us 6.2 6563 (0.3) 55.7 (32.5, 72.8)
RTE seafood WD 8.8 13,159 (9.4) 4.9 (-0.9, 10.6)
us 2.7 2838 (0.3) 92.7 (86.6, 96.8)
Frozen vegetables WD 9.1 13,627 (5.1) 43.8 (38.9, 48.5)
us 1.0 1066 (1.4) 12.4 (-57.8, 58.2)

@ Calculated prevalence (having at least 1 CFU in 25 g) from studies published in the last 5 years (2015-2020).
b prevalence reduction after 100,000 iterations (mean and 95CI) (1-prevalence (2015/2020)/prevalence (1990-2020)) over the value estimated for 30 years.

Negative values indicate an increase in the prevalence during last 5 years.

3. Results and discussion

3.1. Retrospective analysis: overall prevalence and microbial load among
food commodities (1990-2020) and (2015-2020) periods

The total number of samples evaluated in this study worldwide (WD)
to estimate the prevalence of L. monocytogenes in food commodities over
the last 30 years (1990-2020) was around a half-million samples (62.5
% collected in the US). RTE deli meats was the most sampled category
representing 67 and 87 % of the total number of samples analyzed for
L. monocytogenes for the WD and US scenarios, respectively, followed by
soft and semi-soft cheeses (WD scenario) and deli salads (US scenario)
(Table 3). These data reflect the food categories that have received the
greatest regulatory and research sampling effort for the last 30 years.
Soft and semi-soft cheese and RTE seafood categories were sampled
more than double and triple worldwide than in the US scenario,
respectively, probably due to a higher consumption in other parts of the
world (i.e., European Union). In contrast, frozen vegetables was the least
sampled category as these products do not support microbial growth and
are not considered RTE through their on-package cooking instructions.

Overall L. monocytogenes prevalence ranged from 1.4-9.9 % world-
wide (WD) and 0.5-3.8 % (US) depending on commodity (Table 3).
Prevalence rates were significantly lower in the US (1.3-5.2x) than
those reported worldwide. RTE seafood was the commodity with the
highest prevalence in both WD and US scenarios. EU prevalence esti-
mates reported by EFSA, for RTE food categories (RTE seafood, RTE deli
meats and soft and semi-soft cheeses) whose values correspond to
0.5-10.3 % in 2008-2015 and 0.8-2.7 % in 2016-2018 period were in
accordance with the levels estimated in this study, where the EFSA re-
ports also identified RTE seafood as the category with the highest
prevalence (EFSA, 2018; EFSA and ECDC, 2019).

Table 5

L. monocytogenes enumeration data were limited and commodity-
dependent, with enumeration rates from total positive samples
ranging from 26.2-56.5 % (WD) and 8.2-86.3 % (US) (Fig. 1). As
pointed out by Farber et al. (2021) the “zero-tolerance” regulatory
approach may discourage direct food contact surfaces and final product
testing, reducing the prevalence and enumeration data available. This
may lead to under- or overpredicting risk if sample size is not repre-
sentative of the overall food production. This is relevant for RTE deli
meats in the US and soft/semi-soft cheese worldwide where only 8.2 and
26.2 % of all positive samples were enumerated, respectively, reducing
the overall accuracy level of the risk assessment model. The percentage
of enumerated samples higher than 100 CFU/g were similar for both
scenarios and varied between 6.4-36.2 % (WD) and 5.5-35.7 % (US)
(Fig. 1). The commodities with the highest percentage of samples
exceeding 100 CFU/g were soft/semisoft cheese and RTE seafood for the
worldwide scenario and frozen vegetables and RTE deli meats for the US
scenario. Comparing both geographical scenarios, the percentage of
high-count samples was higher in the US versus worldwide for RTE
salads, deli meats and frozen vegetables and lower in the rest of com-
modities. Martinez-Rios and Dalgaard (2018) estimated an overall
L. monocytogenes prevalence of 1.9 % in soft and semi-soft cheeses (from
pasteurized and un-pasteurized milk) in the EU with an estimated 0.3 %
of the total samples analyzed exceeding the compliance level of 100
CFU/g during the 2005-2015 period. Non-compliance rates estimated
by EFSA ranged from 1.7, 0.4 and 0.06 % of the tested samples for RTE
seafood, RTE deli meats and soft/semi-soft cheeses, respectively (EFSA,
2013, 2018).

Mean L. monocytogenes concentration ranged from 0.2 to 1.6 log
CFU/g (WD) and —0.5 to 1.6 log CFU/g (US) (Table 3). The mean
concentration found in positive samples was lower in the US scenario for
all the commodities except in the case of frozen vegetables where

Overall annual listeriosis incidence in the US by using the FAO/WHO and Pouillot dose-response models (2015-2020).

FAO/WHO model Pouillot model
Mean probability of Number of % over total % reduction last Mean probability of Number of % over total % reduction last
infection® cases” cases 5 yrs. infection® cases” cases 5 yrs.

RTE salads Pin¢ hlth: 1.2 x 1078 84 (19-197) 4.0 60.8 Pin¢ hlth: 4.1 x 107° 33 (2-102) 3.2 61.4
Pinf sus: 5.9 x 1077 Pinf sus: 1.8 x 1076

Deli meats Pinchlth: 1.7 x 10°® 1974 94.5 64.9 Pin¢ hlth: 5.5 x 1077 998 95.6 64.8
Pine sus: 6.5 x 107> (508-4250) Pine sus: 2.5 x 107* (63-2781)

Soft and semi-soft Pin¢ hith: 1.3 x 1078 11 (2-30) 0.5 64.6 Pin¢ hith: 4.2 x 107° 3(0-10) 0.3 53.7

cheese Pinssus: 7.4 x 1077 P sus: 8.4 x 10°°

RTE seafood Pin¢ hlth: 3.5 x 1078 15 (3-47) 0.7 92.0 Pin¢hlth: 1.1 x 1078 7 (0-30) 0.7 92.2
Pinesus: 1.3 x 107° Ping Sus: 2.9 x 1076

Frozen vegetables Py hlth: 1.1 x 107° 5(1-13) 0.2 17.9 Pin hlth: 3.7 x 1071° 2 (0-6) 0.2 17.6
Ping sus: 6.5 x 1078 Pinesus: 1.1 x 1077

Total 2089 100 - - 1044 100 -

@ Pinr susceptible is the sum of the probabilities of infection of older than 65 yrs., pregnant women, and highly susceptible subpopulations.

b Mean and 95 % CI after 100,000 iterations.
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Fig. 2. Proportion of cases attributed to highly susceptible, pregnant, and elderly populations for each food commodity by using the Pouillot dose-response

model (2015-2020).

concentration was higher, however it is important to note this was based
on a very small set of unpublished data. Differences in prevalence and
enumeration levels observed between US and WD scenarios may be due
to a variety of factors including contamination level in raw materials,
cleaning and disinfection protocols, environmental programs targeting
Listeria spp. in surfaces and equipment and final product testing efforts
(Magdovitz et al., 2020).

Previous industry and regulatory efforts targeting L. monocytogenes
have led to a dramatic decrease in the prevalence of contamination
during the last five years (Table 4). Reduction in prevalence rates ranged
from 4.9-62.9 % (WD) and 12.4-92.7 % (US). Comparing EU prevalence
rates between 2008-2015 and 2016-2018 periods there has been also a
reduction in prevalence (32.4 % reduction in RTE deli meats, 58.9 %
reduction in RTE seafood and 17.0 % reduction in soft and semi-soft
cheese) (EFSA, 2017; EFSA and ECDC, 2019).

3.2. QMRA: probability of infection and number of listeriosis cases among
food commodities and population groups in the US

The QMRA model estimated the mean probability of infection and
number of listeriosis cases predicted per year in the US among the
different food commodities and population groups by using data from
the 2015-2020 period (Table 1). Table 5 shows the outputs of the model
by using the FAO/WHO and Pouillot dose-response models. Probability
of infection in the susceptible population was 10-100x higher than the
general population by using the FAO/WHO model and 10-10,000x
higher by using the Pouillot model. Despite these differences, estimated
number of annual cases was within the same range for both dose-
response models, showing similar percentages for the contribution of
each food category on the total number of listeriosis cases (Table 5).
Overall, mean number of cases predicted were 1044 and 2089 according
to Pouillot and FAO/WHO model, respectively. This represents a
decrease of 17.6-92.2 % in the estimated number of cases attributed to
the total period (1990-2020) (Table 5). This is in agreement with the
reported reduction in the incidence of listeriosis in the US observing a
decline of 36 % for the period 2015-2019 compared to 1996-2000
(CDC, 2021). However, listeriosis incidence (cases per 100,000 popu-
lation) has not decreased during the last 5 years according to CDC (0.24
in 2014 and 0.26 in 2018) and ECDC (0.46 in 2014 and 0.47 in 2018)
(EFSA and ECDC, 2019). This fact has been discussed by other authors
arguing that the increasing proportion of elderly and high-risk pop-
ulations (i.e., cancer and AIDS survivors) in recent years may be

responsible for the steady listeriosis incidence rate (EFSA, 2018; Pohl
et al., 2017).

Several attempts have been made to estimate the annual incidence of
listeriosis in the US. Scallan et al. (2011) predicted 1455 listeriosis cases
(521-3018, 95 % CI) per year from data ranging from 2000 to 2008,
Pohl et al. (2017) predicted 946 listeriosis cases (724-1279, 95 % CI) for
2020 in the US whereas Pérez-Rodriguez et al. (2017) predicted 2318
annual cases in the EU from animal-based products with 1400 cases
attributed to deli meats (60.5 %), 19 cases to soft and semi-soft cheese
(0.8 %) and 735 cases to RTE seafood (31.7 %). These predictions are
similar to those reported in our study (Table 5). Reported listeriosis
incidence in the US according to the surveillance system, is in the range
of 577-675 (2010-2014) (CDC, 2015). If the effect of underreported
cases is considered in the model by using the under-diagnosis factor
derived by Scallan et al. (2011), the predicted number of reported cases
was equal to 578 and 997 according to Pouillot and FAO/WHO model,
respectively, which is within the range reported by CDC. Most cases
were attributed to deli meats (>90 % of cases) followed by RTE salads
(3.2 and 4.0 % according to Pouillot and FAO/WHO model), soft and
semi-soft cheese and RTE seafood (0.3-0.5 and 0.7 %) and frozen veg-
etables, with the lowest contribution (0.2 %). Annual listeriosis cases
attributed to deli meats by FSIS (2010) and Pradhan et al. (2009)
(~1100 annual cases) are similar to those attributed in this study by
using the Pouillot model but higher with the FAO/WHO model. Frozen
vegetables were the commodity with the lowest public health risk with
2-5 cases predicted per year by using both dose-response models. A
study by EFSA BIOHAZ (2020) also predicted similar listeriosis inci-
dence in the EU with an estimated listeriosis incidence in frozen vege-
tables ranging from 0.04 to 1.6 cases per 100,000 population per year.
The Interagency Food Safety Analytics Collaboration (IFSAC) (IFSAC,
2020) attributed 75 % of L. monocytogenes outbreak cases (1998-2018)
to dairy and fruits food categories, 11.6 % to vegetable row crops, 4.9 %
to meat and 2.0 % to fish. The differences on food attribution to liste-
riosis cases could be related to differences that may arise from using
cases attributed to outbreaks and sporadic cases (as outbreaks tend to
reflect specific amplifying events rather than the underlying distribution
of L. monocytogenes across a commodity), and the limited data available
related to contamination levels in several categories of food commod-
ities at the point of food service or consumption.

Cases attributed to the increased risk (elderly > 65 yrs. and pregnant
women) and ‘highly susceptible’ populations by the Pouillot dose-
response model corresponded to 96.6-98.0 % of the total cases. Fig. 2
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Table 6
Performance of a 3-class mixed plan for different concentration threshold values (1, 10 and 100 CFU/g) using L. monocytogenes lot concentration in the last 5 years in
the US.
Food category Lot concentration (log m (absence in M (log % of positive % of lots above n
a
CFU/g) 25g) CFU/g) undetected lots threshold level Preject — 95 %, ¢ Preject — 95 %, ¢
— 1I) _ 2\7
RTE salads -0.5+1.2 —1.4 log CFU/g 0.1 1.6 30.9 4 5
1.0 2.1 10.6 4 5
2.0 2.4 1.9 4 5
Deli meats 0.3+ 1.7 0.1 2.1 54.7 4 4
1.0 3.2 34.0 4 4
2.0 4.2 15.9 4 4
Soft/semi-soft -0.2 +£2.0 0.1 2.2 44.0 4 5
cheese 1.0 31 27.4 4 5
2.0 3.9 13.6 4 6
RTE seafood 0.4+ 1.4 0.1 0.8 58.5 3 3
1.0 1.3 33.4 3 4
2.0 1.8 12.6 3 4
Frozen vegetables 1.6 + 1.3 0.1 0.2 87.6 2 3
1.0 0.6 67.7 2 3
2.0 1.2 37.9 2 3

# Mean and standard deviation of all enumerated samples after 100,000 iterations.
b Number of samples to be analyzed to detect a positive lot with 95 % confidence with one or two samples between m and M.

shows that the ‘highly susceptible’ population are responsible for
15.7-88.3 % of the cases among the different food commodities. Inva-
sive listeriosis incidence among pregnant women and elderly varied
between 6.4-44.3 and 6.8-14.7 %, respectively where soft and semi-soft
cheese represented the category with the highest proportion of cases
attributed to pregnant women and RTE salads and frozen vegetables to
elderly due to the estimated higher consumption (frequency and portion
size). Previous risk assessment and listeriosis incidence studies have
estimated 80-95 % of the total listeriosis cases attributed to the
increased risk population (Falk et al., 2016; Goulet et al., 2001, 2012;
Pérez-Rodriguez et al., 2017; Pouillot et al., 2015). Studies by Goulet
et al. (2001, 2012) estimated 61 % (1997) and 43 % (2001-2008) of the
invasive listeriosis cases attributed to the highly susceptible population
in France, Pouillot et al. (2015) attributed 53.4 % of the cases to the
highly susceptible population in the US and Falk et al. (2016) attributed
93.2 % of the cases to the highly susceptible population in Canada where
they estimated the vulnerable population as high as 39 % of the total
population. Our estimates regarding the overall vulnerable population
size in the US (32.9 %, including 19.7 % of the highly susceptible) and
listeriosis incidence among highly susceptible population (46.9-80.1 %)
are among those reported in the studies. However, previous estimates of
the vulnerable population size (20 %) by FAO/WHO (2004) seem to be
outdated. Several reasons may be argued to the estimated increase of the
highly susceptible population such as improving cancer and AIDS sur-
vival rates, increased cardiovascular disease and diabetes incidence
rates and the aging of the population. There are also reasons to believe
that the highly susceptible population will continue to grow in the
coming years due to advancements in cancer treatments and the increase
in obesity rates. It seems clear that future population-based strategies
aiming at reducing listeriosis incidence should be targeted to the highly
susceptible population through advisory campaigns to avoid the expo-
sure to potential ‘high-risk’ foods. Unfortunately, very little is known
about the extent of the dietary changes when suffering a disease or
having an underlying condition and is one of the main limitations of
current risk assessment models.

3.3. Effect of removing highly contaminated lots on reducing overall
prevalence and listeriosis cases

One of the risk management strategies that has been proposed that
could lead to a decrease in the number of listeriosis cases is to include a
quantitative microbiological criterion (i.e., <100 CFU/g) and a sam-
pling scheme to test every lot and remove the highly contaminated lots

from the market (Chen et al., 2003; European Commission (EC), 2005;
Farber et al., 2021; FAO/WHO, 2004; FSIS, 2003; Pohl et al., 2017). This
could be allowed by changing the final product microbiological criteria
from a two-class plan (absence in 25 g or ‘zero-tolerance’) to a quanti-
tative plan (either a two-class or three-class as explained by Farber et al.
(2021) for food commodities that do not allow the growth of
L. monocytogenes where positive samples are allowed below a threshold
level or within a lower and upper bound level. A 3-class mixed plan was
used as the testing scheme to detect lots with a concentration higher
than the microbiological criteria proposed in this study (0.1, 1.0 and 2.0
log CFU/g) by using the L. monocytogenes lot concentrations estimated
for different commodities (Table 6). The percentage of lots higher than
0.1 log CFU/g threshold level ranged from 30.9 to 87.6 % whereas
10.6-67.7 % were higher than 1.0 log CFU/g and 1.9-37.9 were higher
than 2.0 log CFU/g. The number of samples to be analyzed to detect a
contaminated lot with 95 % confidence with m (absence in 25 g) and M
(0.1,1.0 or 2.0 log CFU/g) was between 2 and 4 samples when ¢ = 1
(only one sample allowed to be between m and M) and 3 to 5 samples
when ¢ = 2 (Table 6). As with any sampling plan, certain positive lots
could go undetected. The percentage of positive undetected lots namely
‘false negative lots’ ranged from 0.23 to 4.25 % depending on the testing
scheme and threshold level (Table 6). These lots could contain a higher
concentration than the threshold level and reach the market. The per-
centage of positive undetected lots could be decreased by applying a
more stringent sampling plan thus increasing the probability of rejection
from 95 to 99 %. Increasing the probability of rejection to 99 % would
increase the number of samples to analyze to between 3 to 7samples
reducing the positive undetected lots to 0.2-0.78 %. It is also
acknowledged that microbial contamination in a lot can be heteroge-
neous, and parts of the lot can have concentration levels lower or higher
than a certain threshold level. It was assumed in this study that the
samples analyzed from a lot (i.e., 5 samples) represented the pathogen
concentration within the entire lot and if all the samples were below or
within the allowable limits then the entire lot was deemed to be
acceptable. One of the benefits of a three-class sampling plan is that it
would likely identify low levels of contamination that are likely to occur
more frequently and result in the facility being alerted and prompting
appropriate corrective actions, while also picking up high levels of
contamination that are likely to occur less frequently and prevent these
lots from entering commerce. Furthermore, the presence of a microbial
limit provides processors the ability to implement more stringent envi-
ronmental monitoring plans such as robust food contact surface testing.
Further research is needed to estimate the variability of L. monocytogenes
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Effect of different threshold levels on the reduction of prevalence and cases in the US (2015-2020).

Removing RTE salads Deli meats Soft & semi-soft cheese RTE seafood Frozen vegetables
samples >
a Prev. Cases Prev. Cases Prev. Cases Prev. Cases Prev. Cases

threshold . . . . . . . . . .
reduction reduction reduction reduction reduction reduction reduction reduction reduction reduction
(%) (%) (%) )" (%) )" (%) )" (%) (%)°

>1 CFU/g 15.7 67.3 39.1 61.1 33.4 66.2 40.7 86.9 88.3 100.0

>10 CFU/g 11.8 61.8 22.6 44.1 16.9 61.2 34.2 76.2 46.7 99.6

>100 CFU/g 9.3 59.1 19.1 35.1 8.4 35.8 4.5 31.8 33.3 96.6

# Enumeration levels used for the whole study period (1990-2020).

b Maximum reduction value obtained from FAO/WHO and Pouillot dose-response models.

concentration within lots of different RTE commodities to be able to
incorporate it in future QMRA models and sampling schemes.

To study the public health effect of removing lots above the threshold
levels on the overall prevalence and mean number of listeriosis cases,
estimates from the US baseline risk assessment model (Table 5) were
compared with the threshold risk assessment model (Table 7). Results
showed that removing lots above a certain level decreased the overall
prevalence and number of cases. Removing lots higher than 1 CFU/g
yielded a prevalence reduction of 15.7-88.3 % whereas removing
samples higher than 100 CFU/g produced a reduction in prevalence of
4.5-33.3 %.

Removing samples higher than 1 CFU/g also yielded a decrease in
the number of cases by 61.1-100 % whereas using a 100 CFU/g limit the
reduction varied between 31.8 and 96.6 %. Frozen vegetables were the
commodity with the highest reduction whereas deli meats were the
commodity with the lowest reduction. A higher consumption of deli
meats as observed in Table 2 along with longer shelf-life periods
(ranging from 17 to 67 days) (Pouillot et al., 2010) where extensive
growth may occur from very low concentrations may undermine the net
effect of removing contaminated lots. L. monocytogenes concentration
level has been identified by previous risk assessment studies as one of
the most important variables affecting the mean risk of illness (FDA/
Health Canada, 2015; Zoellner et al., 2019). Other risk assessment
studies have also reported a significant decrease in the number of
listeriosis cases by adjusting the maximum concentration level allow-
able in a sample. A study by Chen et al. (2003) reported a reduction in
the number of listeriosis cases of 99.5 and 89 % when maximum con-
centration was set at 100 and 10,000 CFU/g, respectively. FAO/WHO
(2004) also highlighted the influence of mean concentration level on
number of cases where an increase from 1 to 1000 CFU/serving
increased the mean risk of illness by 1000-fold arguing that a less
stringent microbiological limit (i.e., from absence to allowable limit) for
low-risk food commodities could improve public health metrics by
encouraging industry to implement robust environmental monitoring
programs and a risk-based product-testing regimen such as the one
proposed in this study. These steps can serve as an early warning indi-
cator of potential breakdowns in Listeria management and prompt
corrective actions in production systems (Farber et al., 2021). Further-
more, this novel risk management strategy may also have unintended
beneficial consequences in the approach industry controls
L. monocytogenes by adopting such wider monitoring and testing efforts
and detecting and removing highly contaminated lots and improving the
availability of enumeration data that can improve the accuracy of future
risk assessment models. As opposite, an increased lot-by-lot testing effort
by industry could add additional production costs and decrease the food
available in the market especially for the most stringent conditions (>1
CFU/g) where between 30.9 and 87.6 % of the positive lots (0.5-1.5 % of
the total number of lots) depending on the commodity (Table 6) would
not meet the threshold criteria. Further cost-benefit analysis balancing
public health protection and the availability of affordable food would be
desirable.

The availability of L. monocytogenes prevalence and enumeration
data on foods reflects current regulatory testing priorities and
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limitations. Although the incidence of listeriosis in the US is at histori-
cally low levels, rates of illness have not decreased in recent years,
despite increased regulatory testing and associated recalls. Increasing
product testing by industry with removal of contaminated lots with
specified threshold levels of contamination for low-risk food commod-
ities (not supporting pathogen growth) should provide net public health
benefits by reducing the risk of exposure for highly susceptible pop-
ulations. The public health benefit of various threshold levels may
depend on the nature and level of risk associated with the food such as
the type of food item and formulation (intrinsic properties), storage
conditions (extrinsic properties), potential growth of L. monocytogenes
during shelf-life, consumer behaviors, etc. In particular, special care is
needed for highly susceptible people in long-term care and acute health
care and hospital settings as invasive listeriosis seriously affects these
subpopulations (Falk et al., 2016). Low-risk RTE and not-ready-to-eat
foods contaminated with low levels of L. monocytogenes may pose risks
as they have the potential to support growth when stored or handled
improperly (e.g., thawing or slacking frozen vegetables), or served
without adequate preparation to ensure safe consumption by highly
susceptible people as seen in previous L. monocytogenes outbreaks
(Buchanan et al., 2018). Industry should clearly label NRTE foods
destined for such populations with validated on-package cooking in-
structions and employees should be trained to follow the recommended
preparation steps accurately prior to serving highly susceptible people in
these settings. This study provides guidance to national authorities as
they formulate effective risk management strategies that account for
differences in risk levels to optimize the use of threshold values in
implementing preventive controls for L. monocytogenes.

CRediT authorship contribution statement

Fernando Sampedro: Conceptualization, Methodology, Validation,
Formal analysis, Writing — original draft, Writing — review & editing,
Visualization. Fernando Pérez-Rodriguez: Methodology, Validation,
Formal analysis, Writing — review & editing. Joseph L. Servadio:
Methodology, Formal analysis, Writing — review & editing. Sanjay
Gummalla: Conceptualization, Resources, Writing — review & editing,
Funding acquisition. Craig W. Hedberg: Conceptualization, Writing —
review & editing, Supervision, Project administration.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Craig Hedberg reports financial support was provided by Frozen Food
Foundation. Fernando Sampedro reports financial support was provided
by Frozen Food Foundation. Craig Hedberg reports financial support
was provided by Seafood Industry Research Fund. Fernando Sampedro
reports financial support was provided by Seafood Industry Research
Fund. Sanjay Gummalla reports a relationship with American Frozen
Food Institute that includes: employment.



F. Sampedro et al.
Data availability

Data will be made available on request.
Acknowledgements

This work was supported by the Frozen Food Foundation and the
Seafood Industry Research Fund. The authors thank Margaret Malkoski
and Dr. Brittany Magdovitzfor providing valuable data and information.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2022.109932.

References

Archer, D.L., 2018. The evolution of FDA’s policy on listeria monocytogenes in ready-to-
eat foods in the United States. Curr. Opin. Food Sci. 20, 64-68.

Buchanan, R.L., Gorris, L.G.M., Hayman, M.M., Jackson, T.C., Whiting, R.C., 2018.

A review of Listeria monocytogenes: an update on outbreaks, virulence, dose-
response, ecology, and risk assessments. Food Control 75, 1-13.

Campagnollo, F.B., Gonzales-Barron, U., Cadavez, V.A.P., Sant'Ana, A.S., Schaffner, D.
W., 2018. Quantitative risk assessment of Listeria monocytogenes in traditional
Minas cheeses: the cases of artisanal semi-hard and fresh soft cheeses. Food Control
92, 370-379.

Chen, Y., Ross, W.H., Scott, V.N., Gombas, D.E., 2003. Listeria monocytogenes: low levels
equal low risk. J. Food Prot. 66 (4), 570-577.

Chung, J., Li, D., 2014. A simulation of the impacts of dynamic price management for
perishable foods on retailer performance in the presence of need-driven purchasing
consumers. J. Oper. Res. Soc. 65, 1177-1188.

Churchill, K.J., Sargeant, J.M., Farber, J.M., O’Connor, A.M., 2019. Prevalence of listeria
monocytogenes in select ready-to-eat foods-deli meat, soft cheese, and packaged
salad: a systematic review and meta-analysis. J. Food Prot. 82 (2), 344-357.

Coa, K.I., Epstein, J.B., Ettinger, D., Jatoi, A., McManus, K., Platek, M.E., Price, W.,
Stewart, M., Teknos, T.N., Moskowitz, B., 2014. The impact of cancer treatment on
the diets and food preferences of patients receiving outpatient treatment. Nutr.
Cancer 67 (2), 339-353.

Dahlhamer, J.M., Zammitti, E.P., Ward, B.W., Wheaton, A.G., Croft, J.B., 2016.
Prevalence of inflammatory bowel disease among adults aged >18 years-United
States, 2015. Morb. Mortal. Wkly Rep. 65, 1166-1169.

de Noordhout, C., Devleesschauwer, B., Angulo, F., Verbeke, G., Haagsma, J., Kirk, M.,
Havelaar, A., Speybroeck, N., 2014. The global burden of listeriosis: a systematic
review and meta-analysis. Lancet Infect. Dis. 14, 1073-1082.

Endrikat, S., Gallagher, D., Pouillot, R., Quesenberry, H.H., Labarre, D., Schroeder, C.M.,
Kause, J., 2010. A comparative risk assessment for Listeria monocytogenes in
prepackaged versus retail-sliced deli meat. J. Food Prot. 73 (4), 612-619.

European Centre for Disease Prevention and Control, 2020. Listeriosis-annual
epidemiological report for 2017. In: Annual Epidemiological Report for 2017.
Stockholm.

European Commission (EC), 2005. Commission Regulation (EC) No 2073/2005 of 15
November 2005 on microbiological criteria for foodstuffs. Off. J. Eur. Union 48,
1-26. Accessed on May 20, 2022.

European Food Safety Authority, 2013. Analysis of the baseline survey on the prevalence
of Listeria monocytogenes in certain ready-to-eat foods in the EU, 2010-2011. Part A:
Listeria monocytogenes prevalence estimates. EFSA J. 11 (6), 3241, 75 pp.

European Food Safety Authority and European Centre for Disease Prevention and
Control, 2019. The European Union one health 2018 zoonoses report. EFSA J. 17
(12), 5926, 276 pp.

European Food Safety Authority BIOHAZ Panel, 2018. Scientific opinion on the Listeria
monocytogenes contamination of ready-to-eat foods and the risk for human health in
the EU. EFSA J. 16 (1), 5134, 173 pp.

European Food Safety Authority BIOHAZ Panel, 2020. Scientific opinion on the public
health risk posed by Listeria monocytogenes in frozen fruit and vegetables including
herbs, blanched during processing. EFSA J. 18 (4), 6092, 102 pp.

Falk, L.E., Fader, K.A., Cui, D.S., Totton, S.C., Fazil, A.M., Lammerding, A.M., Smith, B.
A., 2016. Comparing listeriosis risks in at-risk populations using a user-friendly
quantitative microbial risk assessment tool and epidemiological data. Epidemiol.
Infect. 144, 2743-2758.

Farber, J.M., Zwietering, M., Wiedmann, M., Schaffner, D., Hedberg, C.W., Harrison, M.
A., Hartnett, E., Chapman, B., Donnelly, C.W., Goodburn, K.E., Gummalla, S., 2021.
Alternative approaches to the risk management of Listeria monocytogenes in low
risk foods. Food Control 123, 10760.

Food and Agriculture Organization of the United Nations/World Health Organization,
2004. Risk assessment of Listeria monocytogenes in ready-to-eat foods: technical
report. In: Microbiological Risk Assessment Series 5, p. 267.

Gallagher, D., Ebel, E.D., Gallagher, O., LaBarre, D., Williams, M.S., Golden, N.J.,
Pouillot, R., Dearfield, K.L., Kause, J., 2013. Characterizing uncertainty when
evaluating risk management metrics: risk assessment modeling of Listeria
monocytogenes contamination in ready-to-eat deli meats. Int. J. Food Microbiol.
162, 266-275.

11

International Journal of Food Microbiology 383 (2022) 109932

Gallagher, D., Pouillot, R., Hoelzer, K., Tang, J., Dennis, S.B., Kause, J.R., 2016. Listeria
monocytogenes in retail delicatessens: an interagency risk assessment-risk
mitigations. J. Food Prot. 79 (7), 1076-1088.

Garrido, V., Vitas, A.L,, Garcia-Jalon, I., 2009. Survey of listeria monocytogenes in ready-
to-eat products: prevalence by brands and retail establishments for exposure
assessment of listeriosis in northern Spain. Food Control 20, 986-991.

Goulet, V., Hebert, M., Hedberg, C., Laurent, E., Vaillant, V., Valk, H.De, Desenclos, J.-C.,
2012. Incidence of listeriosis and related mortality among groups at risk of acquiring
listeriosis. Clin. Infect. Dis. 54 (5), 652-660.

Goulet, W., de Valk, H., Pierre, O., Stainer, F., Rocourt, J., Vaillant, W., Jacquet, C.,
Desenclos, J.C., 2001. Effect of prevention measures on incidence of human
listeriosis, France, 1987-1997. Emerging Infect. Dis. 7 (6), 983-989.

Helmick, C.G., Felson, D.T., Lawrence, R.C., Gabriel, S., Hirsch, R., Kwoh, C.K., Liang, M.
H., Kremers, H.M., Mayes, M.D., Merkel, P.A., Pillemer, S.R., Reveille, J.D., Stone, J.
H., 2008. Estimates of the prevalence of arthritis and other rheumatic conditions in
the United States-part I. Arthritis Rheum. 58 (1), 15-25.

International Commission on Microbiological Specifications for Foods, 2020.
Microbiological Sampling Plans Version 2.10. http://www.icmsf.org/publications/
software-downloads/. Accessed on 19 May 2022.

Kataoka, A., Wang, H., Elliott, P.H., Whiting, R.C., Hayman, M.M., 2017. Growth of
listeria monocytogenes in thawed frozen foods. J. Food Prot. 80, 447-453.

Koseki, S., Isobe, S., 2005a. Growth of listeria monocytogenes on iceberg lettuce and
solid media. Int. J. Food Microbiol. 101 (2), 217-225.

Koseki, S., Isobe, S., 2005b. Prediction of pathogen growth on iceberg lettuce under real
temperature history during distribution from farm to table. Int. J. Food Microbiol.
104 (3), 239-248.

Lambertini, E., Ruzante, J.M., Chew, R., Apodaca, V.L., Kowalcyk, B.B., 2019. The public
health impact of different microbiological criteria approaches for salmonella in
chicken parts. Microb. Risk Anal. 12, 44-59.

Lawrence, R.C., Felson, D.T., Helmick, C.G., Katz, J.N., Kremers, H.M., Wolfe, F., 2008.
Estimates of the prevalence of arthritis and other rheumatic conditions in the United
States- part II. Arthritis Rheum. 58 (1), 26-35.

Magdovitz, B.F., Gummalla, S., Thippareddi, H., Harrison, M.A., 2020. Evaluating
environmental monitoring protocols for Listeria spp. and Listeria monocytogenes in
frozen food manufacturing facilities. J. Food Prot. 83 (1), 172-187.

Martinez-Rios, V., Dalgaard, P., 2018. Prevalence of listeria monocytogenes in European
cheeses: a systematic review and meta-analysis. Food Control 84, 205-214.

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

Pasonen, P., Ranta, J., Tapanainen, H., Valsta, L., Tuominen, P., 2019. Listeria
monocytogenes risk assessment on cold smoked and salt-cured fishery products in
Finland - a repeated exposure model. Int. J. Food Microbiol. 304, 97-105.

Pérez-Rodriguez, F., Carrasco, E., Bover-Cid, S., Jofré, A., Valero, A., 2017. Closing gaps
for performing a risk assessment on listeria monocytogenes in ready-to-eat (RTE)
foods: activity 2, a quantitative risk characterization on L. monocytogenes in RTE
foods; starting from the retail stage. EFSA Support. Publ. 14 https://doi.org/
10.2903/sp.efsa.2017.EN-1252.

Pérez-Rodriguez, F., Garcia-Gimeno, R.M., 2013. Quantitative study of the effect of
processing of fresh-cut lettuce on the distribution of Escherichia coli 0157:H7 and
Salmonella: application to design sampling plans. In: 8th International Conference
on Predictive Modelling in Foods. Paris (France).

Pérez-Rodriguez, F., Van Asselt, E.D., Garcia-Gimeno, R.M., Zurera, G., Zwietering, M.H.,
2007. Extracting additional risk managers information from a risk assessment of
Listeria monocytogenes in deli meats. J. Food Prot. 70, 1137-1152.

Pohl, A.M., Pouillot, R., Van Doren, J.M., 2017. Changing US population demographics:
what does this mean for listeriosis incidence and exposure? Foodborne Pathog. Dis.
14-9, 524-530.

Pohl, A.M., Pouillot, R., Bazaco, M.C., Wolpert, B.J., Healy, J.M., Bruce, B.B.,
Laughlin, M.E., Hunter, J.C., Dunn, J.R., Hurd, S., Rowlands, J.V., Saupe, A.,
Vugia, D.J., Van Doren, J.M., 2019. Differences among incidence rates of invasive
listeriosis in the U.S. Foodnet population by age, sex, race/ethnicity, and pregnancy
status, 2008-2016. Foodborne Pathog. Dis. 16-4, 290-297.

Pouillot, R., Hoelzer, K., Chen, Y., Dennis, S.B., 2015. Listeria monocytogenes dose
response revisited-incorporating adjustments for variability in strain virulence and
host susceptibility. Risk Anal. 35, 90-108.

Pouillot, R., Lubran, M.B., Cates, S.C., Dennis, S., 2010. Estimating parametric
distributions of storage time and temperature of ready-to-eat foods for U.S.
households. J. Food Prot. 73, 312-321.

Pradhan, A.K., Ivanek, R., Grohn, Y.T., Geornaras, 1., Sofos, J.N., Wiedmann, M., 2009.
Quantitative risk assessment for Listeria monocytogenes in selected categories of deli
meats: impact of lactate and diacetate on listeriosis cases and deaths. J. Food Prot.
72, 978-9809.

Roberts, A.W., Ogunwole, S.U., Blakeslee, L., Rabe, M.A., 2018. The Population 65 Years
and Older in the United States: 2016. American Community Survey Reports, ACS-38.
U.S. Census Bureau, Washington, DC.

Sant’Ana, A.S., Franco, B.D., Schaffner, D.W., 2012. Modeling the growth rate and lag
time of different strains of Salmonella enterica and Listeria monocytogenes in ready-
to-eat lettuce. Food Microbiol. 30, 267-273.

Scallan, E., Hoekstra, R.M., Angulo, F.J., Tauxe, R.V., Widdowson, M.-A., Roy, S.L.,
Jones, J.L., Griffin, P.M., 2011. Foodborne illness acquired in the United States-
major pathogens. Emerg. Infect. Dis. 17 (1), 7-15.

Tirloni, E., Stella, S., de Knegt, L.V., Gandolfi, G., Bernardi, C., Nauta, M.J., 2018.

A quantitative microbial risk assessment model for listeria monocytogenes in RTE
sandwiches. Microb. Risk Anal. 9, 11-21.

Tiwari, U., Walsh, D., Rivas, L., Jordan, K., Duffy, G., 2014. Modelling the interaction of

storage temperature, pH, and water activity on the growth behaviour of listeria


https://doi.org/10.1016/j.ijfoodmicro.2022.109932
https://doi.org/10.1016/j.ijfoodmicro.2022.109932
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327466329
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327466329
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327450413
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327450413
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327450413
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327355165
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327355165
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327355165
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327355165
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248109797
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248109797
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248108391
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248108391
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248108391
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248103014
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248103014
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248103014
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327294322
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327294322
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327294322
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327294322
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327197013
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327197013
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327197013
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327179020
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327179020
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327179020
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248094639
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248094639
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248094639
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131259317618
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131259317618
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131259317618
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131258400183
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131258400183
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131258400183
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131258184397
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131258184397
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131258184397
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131256229764
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131256229764
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131256229764
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327153401
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327153401
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131327153401
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131325096066
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131325096066
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131325096066
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248013407
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248013407
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248013407
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248013407
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131324285125
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131324285125
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131324285125
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131324285125
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131255289183
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131255289183
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131255289183
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247596646
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247596646
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247596646
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247596646
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247596646
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247534344
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247534344
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247534344
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247521876
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247521876
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131247521876
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131250228300
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131250228300
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131250228300
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131246544982
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131246544982
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131246544982
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332565782
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332565782
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332565782
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332565782
http://www.icmsf.org/publications/software-downloads/
http://www.icmsf.org/publications/software-downloads/
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249518714
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249518714
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249517417
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249517417
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209281153195325
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209281153195325
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209281153195325
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249511875
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249511875
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249511875
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332546445
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332546445
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332546445
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249501910
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249501910
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249501910
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249359555
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249359555
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249301517
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249301517
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249293670
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249293670
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249293670
https://doi.org/10.2903/sp.efsa.2017.EN-1252
https://doi.org/10.2903/sp.efsa.2017.EN-1252
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332218395
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332218395
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332218395
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131332218395
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249275562
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249275562
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249275562
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328545010
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328545010
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328545010
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328523977
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328523977
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328523977
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328523977
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328523977
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248434932
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248434932
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248434932
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248427976
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248427976
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248427976
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249265830
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249265830
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249265830
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131249265830
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209232155225958
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209232155225958
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209232155225958
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131323467517
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131323467517
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131323467517
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248252606
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248252606
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248252606
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248241098
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248241098
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248241098
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248230115
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248230115

F. Sampedro et al.

monocytogenes in raw and pasteurised semi-soft rind washed milk cheese during
storage following ripening. Food Control 42, 248-256.

Tsironi, T., Dermesonlouoglou, E., Giannoglou, M., Gogou, E., Katsaros, G., Taoukis, P.,
2017. Shelf-life prediction models for ready-to-eat fresh cut salads: testing in real
cold chain. Int. J. Food Microbiol. 240, 131-140.

Uhlich, G.A., Luchansky, J.B., Tamplin, M.L., Molina-Corral, F.J., Anandan, S., Porto-
Fett, A.C.S., 2006. Effect of storage temperature on the growth of Listeria
monocytogenes on queso Blanco slices. J. Food Saf. 26, 202-214.

United Network for Organ Sharing, 2018. Transplant trends. https://unos.org/data/tran
splant-trends. Accessed on December 2, 2020.

U.S. Centers for Disease Control and Prevention, 2020. Cancer data and statistics.
https://www.cde.gov/cancer/depe/data/index.htm. Accessed December 1, 2020.

U.S. Centers for Disease Control and Prevention/National Center for Health Statistics,
2019. Chronic liver disease and cirrhosis. https://www.cdc.gov/nchs/fastats/li
ver-disease.htm. Accessed on December 2, 2020.

U.S. Centers for Disease Control and Prevention, 2020. National Diabetes Statistics
Report, 2020. Estimates of diabetes and its burden in the United States. https://www
.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf.
Accessed December 2, 2020.

U.S. Centers for Disease Control and Prevention/Center for Chronic Disease Prevention
and Health Promotion, 2019. Heart disease facts. https://www.cdc.gov/heartdisea
se/facts.htm. Accessed December 1, 2020.

U.S. Centers for Disease Control and Prevention/National Center for Health Statistics/
National Vital Statistics System, 2019. Births: provisional data for 2018. In: Vital
Statistics Rapid Release, Report No. 007.

U.S. Centers for Disease Control and Prevention, 2018. National health and nutrition
examination survey (NHANES) dietary survey, 2015-2016. https://www.cdc.gov/nc
hs/nhanes/index.htm. Accessed on February 15, 2021.

U.S. Centers for Disease Control and Prevention, 2021. FoodNet Fast. Listeria
surveillance data 1996-2019. https://wwwn.cdc.gov/foodnetfast/. Accessed on
March 15, 2021.

U.S. Centers for Disease Control and Prevention, 2015. National Listeria surveillance
annual summary, 2014. https://www.cdc.gov/nationalsurveillance/pdfs/listeri
a-annual-summary-2014-508.pdf. Accessed on December 10, 2020.

U.S. Department of Agriculture, Food Safety and Inspection Servicecollab, 2003. FSIS
risk assessment for Listeria monocytogenes in deli meats. Available at: https://www.

12

International Journal of Food Microbiology 383 (2022) 109932

fsis.usda.gov/sites/default/files/media_file/2020-07/Lm Deli_Risk_Assess_Final
_2003.pdf. Accessed February 1, 2021.

U.S. Department of Agriculture, Food Safety and Inspection Servicecollab, 2010.
Comparative risk assessment for Listeria monocytogenes in ready-to-eat meat and
poultry deli meats. Available at: https://www.fsis.usda.gov/sites/default/files/m
edia_file/2020-07/Comparative RA_Lm_Report May2010.pdf. Accessed January 15,
2021.

U.S. Department of Agriculture, Food Safety and Inspection Servicecollab, 2020. Ready-
to-eat (RTE) meat and poultry sampling. sampling data from FSIS inspected
establishments. https://www.fsis.usda.gov/science-data/sampling-program.
Accessed March 20, 2021.

U.S. Department of Health and Human Services, 2019. https://www.hiv.gov/hiv-basics/
overview/data-and-trends/statistics. Accessed December 1, 2020.

U.S. Food and Drug Administration and Health Canada, 2015. Joint FDA/Health Canada
Quantitative Assessment of the Risk of Listeriosis From Soft-ripened Cheese
Consumption in the United States and Canada: Report. Fed. Regist. 80 FR 46027.

U.S. Food and Drug Administration/U.S. Department of Agriculture, Food Safety and
Inspection Servicecollab, 2003. Quantitative assessment of relative risk to public
health from foodborne Listeria monocytogenes among selected categories of ready-
to-eat foods. https://www.fda.gov/media/124721/download. Accessed November
8, 2020.

U.S. Food and Drug Administration, 2017. Control of Listeria monocytogenes in Ready-
to-eat Foods: Guidance for Industry. Draft Guidance. Accessed May 30, 2022.

U.S. Food and Drug Administration, 2018. Hazard analysis and risk-based preventive
controls for human food: draft guidance for industry. In: Appendix 1. Potential
Hazards for Foods and Processes. Accessed May 30, 2022.

U.S. National Institutes of Health/National Institute of Diabetes and Digestive and
Kidney Diseases, 2016. Kidney disease statistics for the United States. https://www.
niddk.nih.gov/health-information/health-statistics/kidney-disease. Accessed on
December 2 2020.

United States Census Bureau, 2018. The population 65 years and older in the United
States: 2016. American Community Survey Reports, ACS-38. https://www.census.
gov/library/publications/2018/acs/acs-38.html. Accessed December 3 2020.

Zoellner, C., Wiedmann, M., Ivanek, R., 2019. An assessment of listeriosis risk associated
with a contaminated production lot of frozen vegetables consumed under alternative
consumer handling scenarios. J. Food Prot. 82 (12), 2174-2193.


http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248230115
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248230115
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248220894
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248220894
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248220894
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248212250
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248212250
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248212250
https://unos.org/data/transplant-trends
https://unos.org/data/transplant-trends
https://www.cdc.gov/cancer/dcpc/data/index.htm
https://www.cdc.gov/nchs/fastats/liver-disease.htm
https://www.cdc.gov/nchs/fastats/liver-disease.htm
https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf
https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf
https://www.cdc.gov/heartdisease/facts.htm
https://www.cdc.gov/heartdisease/facts.htm
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328392213
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328392213
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131328392213
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
https://wwwn.cdc.gov/foodnetfast/
https://www.cdc.gov/nationalsurveillance/pdfs/listeria-annual-summary-2014-508.pdf
https://www.cdc.gov/nationalsurveillance/pdfs/listeria-annual-summary-2014-508.pdf
https://www.fsis.usda.gov/sites/default/files/media_file/2020-07/Lm_Deli_Risk_Assess_Final_2003.pdf
https://www.fsis.usda.gov/sites/default/files/media_file/2020-07/Lm_Deli_Risk_Assess_Final_2003.pdf
https://www.fsis.usda.gov/sites/default/files/media_file/2020-07/Lm_Deli_Risk_Assess_Final_2003.pdf
https://www.fsis.usda.gov/sites/default/files/media_file/2020-07/Comparative_RA_Lm_Report_May2010.pdf
https://www.fsis.usda.gov/sites/default/files/media_file/2020-07/Comparative_RA_Lm_Report_May2010.pdf
https://www.fsis.usda.gov/science-data/sampling-program
https://www.hiv.gov/hiv-basics/overview/data-and-trends/statistics
https://www.hiv.gov/hiv-basics/overview/data-and-trends/statistics
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131311587246
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131311587246
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131311587246
https://www.fda.gov/media/124721/download
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131309094740
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131309094740
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131307502859
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131307502859
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131307502859
https://www.niddk.nih.gov/health-information/health-statistics/kidney-disease
https://www.niddk.nih.gov/health-information/health-statistics/kidney-disease
https://www.census.gov/library/publications/2018/acs/acs-38.html
https://www.census.gov/library/publications/2018/acs/acs-38.html
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248118871
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248118871
http://refhub.elsevier.com/S0168-1605(22)00404-4/rf202209131248118871

	Quantitative risk assessment model to investigate the public health impact of varying Listeria monocytogenes allowable leve ...
	1 Introduction
	2 Methodology
	2.1 Literature search
	2.2 L. monocytogenes prevalence and enumeration data
	2.3 Risk assessment model framework
	2.4 Exposure assessment
	2.5 Dose-response relationship
	2.6 Population and consumption estimates
	2.7 Model simulation settings
	2.8 Public health impact of removing highly contaminated lots

	3 Results and discussion
	3.1 Retrospective analysis: overall prevalence and microbial load among food commodities (1990–2020) and (2015–2020) periods
	3.2 QMRA: probability of infection and number of listeriosis cases among food commodities and population groups in the US
	3.3 Effect of removing highly contaminated lots on reducing overall prevalence and listeriosis cases

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


