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Abstract: A review of the published quantitative risk assessment (QRA) models of L. monocytogenes in
meat and meat products was performed, with the objective of appraising the intervention strategies
deemed suitable for implementation along the food chain as well as their relative effectiveness. A sys-
tematic review retrieved 23 QRA models; most of them (87%) focused on ready-to-eat meat products
and the majority (78%) also covered short supply chains (end processing/retail to consumption, or
consumption only). The processing-to-table scope was the choice of models for processed meats such
as chorizo, bulk-cooked meat, fermented sausage and dry-cured pork, in which the effects of process-
ing were simulated. Sensitivity analysis demonstrated the importance of obtaining accurate estimates
for lag time, growth rate and maximum microbial density, in particular when affected by growth
inhibitors and lactic acid bacteria. In the case of deli meats, QRA models showed that delicatessen
meats sliced at retail were associated with a higher risk of listeriosis than manufacture pre-packed
deli meats. Many models converged on the fact that (1) controlling cold storage temperature led
to greater reductions in the final risk than decreasing the time to consumption and, furthermore,
that (2) lower numbers and less prevalence of L. monocytogenes at the end of processing were far
more effective than keeping low temperatures and/or short times during retail and/or home storage.
Therefore, future listeriosis QRA models for meat products should encompass a processing module
in order to assess the intervention strategies that lead to lower numbers and prevalence, such as
the use of bio-preservation and novel technologies. Future models should be built upon accurate
microbial kinetic parameters, and should realistically represent cross-contamination events along the
food chain.

Keywords: systematic review; exposure assessment; simulation; deli meats; sausages; listeriosis

1. Introduction

Although invasive listeriosis is a rare disease, it is its high rate of mortality which
makes it of significant public health concern worldwide. In 2021, listeriosis occupied
the fifth place among the most frequent zoonoses in the European Union (EU), with
2183 confirmed cases in 27 EU Member States and with a high fatality rate of 13.7% [1]. The
overall EU trend of listeriosis rates were fairly constant in the period 2017-2020; however,
in 2021, the EU notification rate increased by 14% (this is, from 0.43 per 100,000 population
in the year 2020, up to 0.49 per 100,000 population in the year 2021). According to the US
Centers for Disease Control and Prevention [2], the reported incidence rates of listeriosis in
the USA are significantly lower than those of the EU; nonetheless the USA data showed a
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growing trend between the years 2012/2013 and 2020. During this time span, the crude
incidence rates increased from 0.23 to 0.27 cases per 100,000 population.

Reasons for the increase in the incidence of listeriosis could be as follows: (i) the
increase in the share of the elderly population in the demographics of industrialised
countries [3]; (ii) the greater purchase of convenience/RTE foods due to the limited time
available for preparing meals at home [4]; and (iii) the increased consumption of high-risk
RTE foods [5]. Consumers have increased preference for “trendy foods” or foods perceived
as healthy, whose safety heavily relies on mild treatments, such as plant-based foods (e.g.,
sprouts, raw quinoa grains), seafood preparations containing raw /macerated ingredients
(e.g., gravad fish), etc.

According to the EFSA report [1], the food vehicles implicated in the strong-evidence
listeriosis outbreaks in 2021 belonged to the categories “Fish and fish products” (four
outbreaks), “Broiler meat and products thereof” (one outbreak), and “Other mixed red
meat and products thereof” (one outbreak). Thus, meat products and seafood continue to
be important food vehicles, as they were in the decade 2010-2020, with a pooled share of
30.2% and 22.6%, respectively, of the total strong-evidence listeriosis outbreaks in the EU.

In this context, many quantitative risk assessment (QRA) models have focused on
meat products—as important vehicles of transmission—to estimate the risk and incidence
of invasive listeriosis linked to their consumption. The present study aims (i) to perform
a critical review of the QRA models currently published for listeriosis linked to the con-
sumption of meat and meat products; (ii) to discuss the relative effectiveness of the risk
mitigation measures evaluated in the various QRA models as what-if scenarios; and (iii) to
extract key messages and suggestions for future QRA models.

2. Materials and Methods

QRA models were retrieved through a literature search on Scopus and PubMed® pub-
lished between 1 January 1998 and 18 May 2022 (date of the searches). The searches in title,
keywords and abstract were carried out using logically connected terms ((“risk assessment”
OR exposure OR quantitative microbial OR risk modelling OR modeling OR simulation*
OR second-order OR “second order” OR “risk management”) AND (“L. monocytogenes”
OR “Listeria monocytogenes” OR listeriosis)) properly arranged in the syntaxes of the litera-
ture search engines. The full systematic review and information extraction processes are
described in Gonzales-Barron et al. [6]. QRA models conducted in any region of the world
were included. The present review focuses only on meat products, which were the subject
of 25 studies [7-31].

3. Results
Description of Collected QRA Models

Table 1 summarises the main features of the 24 QRA models of Listeria monocytogenes
retrieved for meat or meat products, while Table 2 compiles the predictive microbiology
models and summarised results from what-if scenarios and sensitivity analysis, excerpted
from the models. Most of the models developed in the American continent represented the
food production conditions of the USA (9). Other 4 models were developed in Argentina
(2), Canada (1) and Chile (1). Five QRA models investigated the risk of listeriosis in Europe
(Italy, Greece, Spain, France and EU), whereas the other three investigated in Asia (one from
China and two from Malaysia). One QRA model pertained to the risk of listeriosis in the
Australian population, whereas two models were not linked to any specific geographical
location (Table 1).
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Table 1. Characteristics of quantitative risk assessment models of L. monocytogenes from consumption of meat or meat products by scope.
Temp
Scope Food RTE Cro§s-C'o nta- DR—.End- Type of DR DR Slfb- Strain Variability Profiles/ Country Source
Mination Point Model Populations .
Lag Time
Yes: Processing: a
Deli meats: turkey, transfer coefficient
ham and modelled; and for High- Variability of strains
beef—pre-packed and Yes retail-sliced meats, Exp—I FAO/WHO [18] risk/Low-risk implicit in r No/Yes USA Tang [7]
retail-sliced cross-contamination
was modelled at retail
Yes: No strain
Processing- HPP-treated chorizo Yes Processmg—sl}gmg— NA NA NA variability considered No/No Spain Possas et al. [8]
to-table transfer coefficient
Yes: Retail: from other High- Variability of strains
Bulk-cooked meat Yes products and from the Exp—I FAO/WHO [18] . gh- . y ol No/No China Sun et al. [9]
. . risk/Low-risk implicitin r
retail environment
Pouillot et al Virulence and host
Fermented sausage Yes No Exp—I [32] ’ Multiple susceptibility explicit in No/Yes Argentina  Brusa et al. [10]
- r distribution
Dry-cured Pouillot et al Virulence and host
y Yes No Exp—I ' Multiple susceptibility explicit in No/Yes Argentina  Brusaetal. [10]
pork shoulder [32] A
r distribution
Deli meats: ham, X .
turkey and Yes No Mouse- FDA-FSIS [17] Multiple V{rulence of d1ffe1jent No/Yes USA Pradhan et al.
Epi—IL D strains represented in DR [11]
roasted beef
Variability of strains
Luncheon meats, - High- implicit in r; Some strain . Ross et al.
cooked sausages, patés Yes No Exp—I FAO/WHO [18] risk/Low-risk variability in LM No/Yes Australia [12,13]
End growth rate
Process-to-table
Manufacture-
(pre-packaged) and Mouse- : o Virulence of different Pradhan et al.
retai—sliced ham Yes No Epi—D FDA-FSIS[17] High-risk strains represented in DR No/Yes UsA [14]
and turkey
Deli meats: RTE . A .
. . High- Variability of strains Gallagher et al.
turkey, ham and Yes Yes: Retail Exp—I FAO/WHO [18] risk/Low-risk implicitin r No/Yes USA [15,16]

roast beef
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Table 1. Cont.
Cross-Conta- DR—End- Type of DR DR Sub- Temp
Scope Food RTE . . yp . Strain Variability Profiles/ Country Source
Mination Point Model Populations .
Lag Time
Processed meats:
Frankfurters, Mouse- . Virulence of different
fermented sausages, Yes No Epi—I FDA-FSIS [17] Multiple strains represented in DR No/No usa FDA-FSIS [17]
deli meats, paté
Fermented meat Yes No Exp—I FAO/WHO [18] . High- . Var1§b111ty .Of. stramns No/No No.nj FAO-WHO [18]
risk/Low-risk implicitin r specific
Hams Yes No Exp—I FAO/WHO [33] Multiple NA No/No Italy GlOV&lHl;}’u etal
Pre-packed deli . . .
meats/retail-sliced ~ Yes No EM.O“SQ' FDA-FSIS [17] Multiple Virulence of different No/No USA Endrikat et al.
. pi—I, D strains represented in DR [20]
deli meats
RTE meat and poultry Mouse- . Virulence of different
deli meat Yes No Epi—I, D FDA-FSIS [17] Multiple strains represented in DR No/No USA FSIS [21]
. Variability of strains . Foerster et al.
Poultry and beef No Yes: Handling at home Exp—I FAO/WHO [18] General R No/No Chile
. implicit in r [22]
Retail-to-table
Yes: Retail: series of . s . .
Retail delicatessens Yes events when serving Exp—I FAO/WHO [18] . High- . Varlz.iblht.y .Of. strains Yes/No USA Pouillot et al.
. risk/Low-risk implicit in r [23]
deli meat
Delicatessen Pouillot et al Virulence and host
Yes Yes: Handling at home Exp—I ’ Multiple susceptibility explicit in No/Yes Canada Falk et al. [24]
meats/hotdogs [32] L2
r distribution
Challenge test data from a
mixture of strains;
Virulence and host
susceptibility explicit in r
distribution; h0O
Packaged heat-treated Pouillot et al distribution of variability Non- Pérez-
meat products (cooked Yes No Exp—I ou [3(;]e ak Multiple in physiological state of Yes/Yes S ecc)ific Rodriguez et al.
meat, sausage, paté) cells; LM DR modelling p [25]

explicitly considers
variability in strain
virulence and in
susceptibility
across populations




cooked samples

West606 [35];
FDA-FSIS [17]

inr
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Table 1. Cont.
Temp
Scope Food RTE Cro§s-C'o nta- DR—.End- Type of DR DR Slfb- Strain Variability Profiles/ Country Source
Mination Point Model Populations .
Lag Time

Retail-sliced Yes: Retail: from Pouillot et al. High- Tsaloumi et al.

cooked meats Yes slicing machine Exp—1 [32] risk /Low-risk NA No/No Greece [26]

BIOEIf? [11] Mixture of strains used in
. RTE cooked meat, RTE Multiple challenge test; Virulence Non- EFSA BIOHAZ
Retail-to-tabl ’ — p ge tesl;
clati-to-table sausage, paté Yes No Exp—I k?jﬁglg? (sex/age group) and host susceptibility No/No specific [27]
etal. [32] explicit in r distribution
RTE cooked meat Yes No Exp—I Poul;la(jf] etal. Multiple NA Yes/Yes France Duret et al. [28]
Vacuum-packed and hYeS:'I;Iand?ng att M - Int diate- Virul f diff t
freshly sliced Yes Ome: transier rates ouse FDA-FSIS [17] niermeciate Lruience ot diteren No/No USA Yang et al. [29]
deli meats from refrigerator and Epi—D age population strains represented in DR
from hands
FAO/WHO [18];
Consumption Cooked chicken offal No No Exp—I L‘I/f]ljsctlgéstsa;_d Multiple Strain dw?;sity implicit No/No Malaysia Kuan et al. [30]
FDA-FSIS [17]
Yes: Handling at F[Eigévili{s? Eg]; Strain diversity implicit
Cooked chicken offal No home: transfer rate to Exp—I qvis'a Multiple ersity imp No/No Malaysia Wai et al. [31]

DR: dose-response; Exp: exponential model; Mouse-Epi: Mouse-Epidemiological model; I: illness endpoint; D: death endpoint; NA: not available.
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Table 2. Microbial kinetic models and main results related to scenarios and sensitivity analysis from quantitative risk assessment models of listeriosis acquired from
consumption of meat or meat products.

Scope Food

Predictive
Microbiology Models

What-If Scenarios

Sensitivity Analysis Model Complexity Source

Deli meats: turkey, ham and
beef—pre-packed and

retail-sliced

Growth (linear, square
root for EGR5)

(1) Maximum sampling frequency of 60 samples
per month in small, medium and large facilities
that produce two lots per day (60-60-60),
reduces listeriosis cases by 15% in comparison to
the no-testing baseline; (2) Sampling every lot in
small, medium and large facilities (60—60—-60L)
reduces listeriosis cases by 12%;

(3) Implementing 100% post-processing lethality
(pasteurisation, UV) reduces 38% of the
listeriosis cases; (4) Implementing 100% growth
inhibiting packaging (1.5-3% lactate alone or in
combination with 0.125-0.25% diacetate) reduces
cases by 80%; (5) Post-processing lethality and
growth inhibiting packaging reduces cases
by 92.5%.

ND Low Tang [7]

Processing-to-table

HPP-treated chorizo

For HPP processing
(inactivation of LM as a
function of ay, pressure
intensities and pressure
holding time); Storage,

retail, transport
(survival: biphasic
model, secondary
model, survival rate as
function
of temperature)

(1) When no high-pressure processing (HPP) is
applied, if LM in pork meat batter is below 1 log
CFU/g, the prevalence of contaminated sausage
packs at consumption is 3%; (2) When no HPP is

applied, 2 log CFU/g LM in pork meat batter
increases prevalence in sausage packs at
consumption to 10%; (3) HPP at 600 MPa for

3 min reduces the prevalence of contaminated

sausage packs at consumption by 90%; (4) HPP

at 600 MPa for 6 min reduces prevalence of
contaminated sausage packs by 97%; (5) HPP at
600 MPa for 9 min reduces prevalence of
contaminated sausage packs by >99.9%; (6) If
nitrites 150 ppm is eliminated (0 ppm) and HPP
is applied at 600 MPa for 6 min, the prevalence of

contaminated sausage packs increases by 66%

(from 0.09% to 0.15%); (7) If nitrites 150 ppm is

eliminated (0 ppm) and HPP is applied at 600
MPa for 9 min, the prevalence in sausage packs

increases by 100% (from 0.01% to 0.02%).

Possas et al.

ND Low [8]
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Table 2. Cont.
Predictive . spros . .
Scope Food Microbiology Models What-If Scenarios Sensitivity Analysis Model Complexity Source
(1) If LM at retail had a mean of —2.7 log CFU/g
(instead of —1.4 log in the baseline), the final
concentration at consumption would be 0 log
: Growth (linear, square ~ CFU/g (instead of 0.20 log CFU/g; (2) If cooked
Bulk-cooked meat root for EGR5) meat was stored under unfavourable conditions ND Low Sun etal. [9]
that causes LM to go >—0.52 log CFU/g at retail,
the final mean concentration at consumption
would be 1.5 log CFU/g.
(1) When LAB culture was added, the final LM
concentration was <100 CFU/g in 98.2% of the
portions (as opposed to 73.7% when LAB was Output—risk of listeriosis: (1) Use
not added); (2) Higher values of final pH during  of LAB (r = —0.51), (2) Prevalence of
fermentation led to higher risk of listeriosis. At LM in raw meat (r = 0.28),
Growth (both growth -
Processing-to-table probability and GR as pH values of 5.3, 5.5, 5.7 or 5.9, the calculated (3) Fermentation temperature Brusa et al
Fermented sausage functions of temp. a odds ratios were 1.03, 1.61, 1.97 or 2.52 times (r=0.24), (4) pH reached during Low [10] ’
H LAC and L A]g) ,c Wd’) higher compared with pH < 5.1; (3) When ay fermentation (r = 0.24), (5) LAB
P, -P was <0.92 during ripening, the risk of listeriosis counts in the fermented sausage
was 1.73 times lower than with a,, > 0.93. For (r=—0.16), (6) ay of sausage
increasing ay (0.94, 0.95 and 0.96), the risk of (r=0.13)
listeriosis was 39, 56 and 60 times greater
compared with a,, < 0.92.
Output—risk of listeriosis: (1) aw
reached during salting (r = 0.18),
Growt}} .(bOth growth (1) At ay < 0.93, the listeriosis risk was 27 times (2) Prevalence of LM in rav\{ meat (r
probability and GR as . . =0.13), (3) Counts of LM in raw Brusa et al.
Dry-cured pork shoulder . lower compared with the product with a,, not Low
functions of temp, ayw, reduced in the process meat (r = 0.10), (4) Temperature at [10]
pH, LAC and LAB_cpd) P ' which salting was carried out
(r=0.02), (5) pH during salting
(r=-0.01)
(1) The mean deaths and illnesses for ham and
roast beef elaborated without Gls were 2.4- and
Growth (linear model 1.9-fold lower yvhen l.ag phase was considered
. for growth; secondary tILan tho?e obtalgedlv(\:/lltho?t lig phasg (mear‘{) la% Pradh 1
End Process-to-table Deli meats: ham, turkey models for EGR_5°C,  Phaseso 5.9 and 5.1 days for ham and roast bee ND Low radhan et al.

and roasted beef

LPD_5 °C as square
root models)

without GI); (2) If RTE products were formulated
with GIs, the mean deaths in the elderly
populations would reduce by factors of 7.8, 3.7
and 2.5 for RTE turkey, roast beef and
ham, respectively.

[11]
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Table 2. Cont.

Predictive

Scope Food Microbiology Models What-If Scenarios Sensitivity Analysis Model Complexity Source
(1) A 90% reduction in LM prevalence leads to an
80% risk reduction. Similarly, a 67% reduction in
prevalence leads to a 50% reduction in the risk;
(2) Any treatment that reduces LM growth rate
Growth (competiion by 50% reduces the risk by 80-90%; (3) A 3- to
Luncheon meats, cooked P 4-log reduction in initial LM concentration Ross et al.
- growth model for LM . . ND Low
sausages, patés and spoilage bacteria) (i.e., heat treatment or HPP in the packaged [12,13]
product) results in a ~600-fold reduction in the
annual listeriosis cases; (4) A milder
post-processing listericidal treatment, assumed
to reach a 1-2-log reduction, results in a 150-fold
decrease in the annual listeriosis cases.
(1) Home storage at temperatures >10 °C PRODUCTION TO RETAIL PHASE:
causes 17 and 32% of the estimated deaths Output—LM at the end of retail:
linked to pre-packed ham without and with Storage temperature had the
GIs, respectively, and 20 and 41% of the deaths strongest influence on LM growth
associated with retail-sliced ham without and (r = 0.65), followed by lag time at
with GIs, respectively; (2) If the maximum reference temperature (r = —0.49),
End Process-to-table temperature was limited to 7 °C, the median storage time (r = 0.33), and growth
numbers of deaths would be reduced by 64% rate at reference temperature
and 80% for pre-packed ham elaborated (r = 0.24)
Manufacture (pre-packaged) Wi thout and with GIs, respectively. The RETAIL PHASE TO Low: Linked to
and retail-sliced ham NS median numbers of deaths Woul.d be reduced CONSUMPTION model of Pradhan Pradhan et al.
by 62% and 79% for retail-sliced ham Output—annual deaths in the etal. (2009) [14]

and turkey

elaborated without and with GlIs, respectively;
(3) When the mean storage time was reduced
from 28 to 16 days, the median numbers of
deaths were reduced by 24%, 51%, 32% and
57% for pre-packed ham elaborated without
and with GIs, and retail-sliced ham elaborated
without and with GIs, respectively;

(4) Limiting storage temperature and time to
10 °C and 16 days reduced the annual number
of deaths by ~50% for pre-packaged and
retail-sliced ham elaborated without GlIs;
(5) For products elaborated with GIs, the same
combination reduced the annual number of
deaths by ~75 and 90% for pre-packed and
retail-sliced ham, respectively.

elderly population: (1) If maximum
storage temperature between retail
and consumption is reduced by 2 °C
(baseline 21 °C), mean deaths are
reduced from 13.5 to 6.5, (2) If
maximum storage time between
retail and consumption is reduced
by 4 days (baseline 45 days), the
mean deaths are reduced from 13.5
to 10, (3) If EGR 5 °C is reduced by
0.03 log/day; mean deaths are
reduced from 13.5 to 11.5.
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Table 2. Cont.

Scope

Food

Predictive
Microbiology Models

What-If Scenarios

Sensitivity Analysis

Model Complexity

Source

End Process-to-table

Deli meats: RTE turkey,
ham and roast beef

Growth (linear model,
EGR_5 °C for
temperature)

(1) Reformulating all RTE products sold in delis
with Gls reduces the mean listeriosis risk in the
susceptible population by 95.2%; (2) Setting retail
deli temperatures no higher than 5 °C reduces
mean risk of listeriosis by 16.3%; (3) Shortening
time in retail delis from 7 to 4 days has no effect on
the mean risk of listeriosis; (4) A decrease in LM
concentration on incoming RTE products by a
factor of 2 would decrease the listeriosis risk of RTE
foods prepared at retail by 10 to 24%; (5) Keeping
all home refrigerators at temperatures <5 °C
reduces mean risk by 99.8%; (6) Consuming all
products within up to 3—4 days reduces mean
risk by 99.0%.

ND

Medium: Different
products considered
with and without GI.

Gallagher
etal. [15,16]

Retail-to-table

Processed meats:
Frankfurters, fermented

sausages, deli meats, paté

Growth (linear model,
square root model
for EGR)

(1) Reducing the home storage time for deli meats
from 28 days (baseline) to 14 days decreases the
median listeriosis cases in the elderly population
from 228 to 197 (13.6%); and reducing home storage
time to 10 days further decreases the cases to 154
(32.5%); (2) Eliminating storage above 8 °C or all
storage times longer than 8 days, or combination of
maximum 10 °C and maximum 11 days, led to a
reduction in listeriosis cases of 50%; (3) Inclusion of
a pre-retail lethal intervention in deli meats that
produced a 1 log reduction in contamination at the
start of retail would reduce the predicted deaths in
the elderly population by nearly 50% (from 227 to
120 in the elderly population). Reducing
contamination 2 logs would result in a
74% reduction.

ND

Medium: Different
products considered

FDA-FSIS
[17]

Fermented meat

Growth (probability of
growth, linear growth,
GR at Tref), Survival
(inactivation model as a
function of lactic acid,
salt and nitrate)

ND

ND

Medium: more
complex predictive
microbiology models

FAO-WHO
(18]
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Table 2. Cont.
Predictive . e . .
Scope Food Microbiology Models What-If Scenarios Sensitivity Analysis Model Complexity Source
Growth (linear model, (1) During Fhe first 6 days (?f storage at 19 C, the
expected increase in the listeriosis risk is 1 log;
secondary model for . . . I
. afterwards, the expected increase is around 1 log Giovaninni
Hams GR as an empirical . o . ND Low
. every 2 days; (2) If storage is at 4 °C, the risk etal. [19]
function of ay, . !
increases in 1 log after 16 days; subsequent
storage temperature) . .
increases in 1 log would happen every week
Medium: The
(1) The relative risk, on a per annum basis, of deli sensitivity analysis
meats sliced at retail versus sliced in plants is Regression tree analysis showed the was carried out
Pre-packed deli Growth (linear model, 4.89; (2) In the elderly, use of GI in pre-packed most important determinants of risk through the Endrikat et al
meats/retail-sliced sqrt model for GRs with deli meats reduces the mean annual deaths by are age of consumers, slicing regression trees [20] ’
deli meats and without inhibitors) 55%; (3) In the elderly, use of GI in retail-sliced location (i.e., retail or pre-packed) methodology; this
. deli meats reduces the mean annual deaths and presence of growth inhibitor. model revised the
Retail-to-tabl
elat-totable by 829%. FSIS-FDA
(2003) model
(1) The formulation with Gl in the elderly
reduces annual death cases by 78%; (2)
Retail-sliced deli meats present annual death Regression tree analysis showed the .
. o 1. . . . . Medium: The
RTE meat and poultry Growth (linear model,  cases 80% higher than those of pre-packaged deli ~ most important determinants of risk sensitivity analysis
. sqrt model for GRs with  meats; (3) An increase in the shelf-life from 10 to are age of consumers, slicing . FSIS [21]
deli meat . g . . . was carried out
and without inhibitors) 40 days decreases the annual deaths by 13% (due location (i.e., retail or pre-packed) through reeression
to proper use of effective Gls that reduce deaths); and presence of growth inhibitor OUBh regressio
(4) None of the simulated deaths are linked to
the GI product.
Growth (linear model (1) Increasing mean storage temperature from 8
sqrt for growth), to 10 °C of meat stored for 3 days after cooking Foerster et al.
Poultry and beef Inactivation increases risk of listeriosis 62-fold for beef and ND Low [22]

(Bigelow model)

60-fold for poultry
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Table 2. Cont.
Scope Food MicroIl;ri(e);l;;t;vl\ello dels What-If Scenarios Sensitivity Analysis Model Complexity Source
(1) When the the highly contaminated RTE food
does not support the growth of LM, the
predicted absolute risk increases two-fold in the (1) When more LM cells enter the
susceptible population; (2) The risk from stores retail deli environment, the risk High: Models
that have a highly contaminated RTE food that increases, regardless of whether cross-contamination
Growth (Yule’s model supports growth of LM is 6 times higher than the ~ these LM cells come from niches in in a deli grocery
secondary model for * risk from stores that have a highly contaminated the environment or from LM cells establishment by a
GRas a gunc tion of RTE food that does not support the growth of on incoming RTE food from the discrete-event Pouillot et al
Retail delicatessens temperature. a LM; (3) Most of the increase in the risk of manufacturer; (2) High frequency of framework 23] :
nig‘i tes L. A’CW’ products from highly contaminated stores results cross-contamination events (daily representing transfer
and dia,ceta te) from cross-contamination to RTE foods that versus weekly) has greater impact from object to object,
supports growth. (4) (i) Retail delis without than higher LM counts per from food to object
niches and retail delis that control temperature cross-contamination event (100 and from object
produce lower listeriosis risk; and (ii) retail delis versus 1000 CFU per to food
with incoming highly contaminated RTE foods contamination event).
(in particular, if they support growth), or retail
delis with niches, produce higher listeriosis risk.
(1) The use of GIs led to a 110-fold reduction in Output—listeriosis cases: (1)
Retail-to-table . the median cases of listeriosis for turkey deli P - :
Growth (linear model, - consumer refrigerator temperature,
meat, 78-fold for ham delicatessen meat, 56-fold . Low: However, lag
secondary model for . (2) Consumer storage time, (3) EGR, . .
. ° for beef delicatessen meat and 49-fold for . considers time Falk et al.
Delicatessen meats/hotdogs EGRat5 °C), h . R (4) Retail storage temperature, (5)
. . otdogs; (2) Lowering the initial mean > . elapsed between end [24]
Inactivation (Bigelow LS Temperature prior to retail (all the . )
contamination levels from 75 CFU/g to 1 CFU/g . processing and retail
for death rate) . . above with r = 0.30-0.43), (6) Lag
resulted in corresponding 952-, 279-, 381- and time (—0.13 to —0.27)
116-fold reductions, respectively. ’ ’
(1) Decreasing by 1-2 °C in the dynamic Medium:
Growth (Baranyi with temperature profiles reduced cases of listeriosis Time—-temperature
Packaged heat-treated meat ~ Jameson effect}(,:lue to per mi.llion se.:r\./i.ngs by up to 370/0;. (2) Reducing profiles from retail to Pérez-
products (cooked meat LAB, EGR5 secondary maximum initial LM concentration by 2 log ND consumption, and Rodriguez
sausage, paté) ! m,0 del and effect CFU/ g decreases cases by 89%; (3) Decreasing microbial competition etal. [25]
8¢ P of lactate) time to consumption by 25% decreases cases by models solved with e
up to 38%; (4) Including lag time in the model 4th order Runge-
reduces cases by 57% Kutta algorithm
o (1) Setting a use-by date of 14 days from the time
Ggrl?x?h(i?géifiﬁ? of slicing decreases the median annual listeriosis
Retail-sliced cooked meats LAB, secondary model cases froml7 (no use-by date) to 0; (2) Reducing ND Low Tsaloumi
for CR as a function of  consumers’ storage temperature from a mean of etal. [26]

pH, aw, nitrites)

6 °C to 5 °C reduces the median listeriosis cases
from 7 to 0.
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Table 2. Cont.
Scope Food MicroIl;ri(e);l;;t;vl\ello dels What-If Scenarios Sensitivity Analysis Model Complexity Source
(1) Across the 3 meat products, there is no strong L .
difference in the probability of a product sﬁ?ﬁﬁ (‘)I Erl}; 582;18\/78 tc(;rlt/[gc]ib?e Low: Generic model;
RTE cooked meat, RTE Growth (Rosso model, exceeding 100 CFU/g at the point of the est.ima’;ge d risk gHowever demands some EFSA
sausage, paté EGR5°C) consumption between normal packaging e . ! knowledge in R BIOHAZ [27]
. sensitivity analysis was conducted e
(0.0672-0.0691) and reduced-oxygen packaging oupine various RTE food classes software to utilise it
(0.0654-0.0678) grouping :
High: the model,
together with
Retail-to-table (1) Current cold-chain operating conditions; liste-riosis risk,
Growth (Baranyi (2) Home refrigerator thermostat set at 4 °C; assessed the energy
Jameson com eti}t]ién (3) Home refrigerator thermostat set at 7 °C; consumption and the
rowth mo dzl LM- (4) Better thermal insulation of the refrigerator; ~ Sensitivity analysis of the exposure spoilage at time of Duret et al
RTE cooked meat L AgB secondary model (5) Lower air curtain flow rate in the display model was carried out in consumption. DALYs 28] ’
for éR asa fun}; tion of cabinet (50%); (6) Lower air curtain flow rate in Duret et al. [36] and costs are used to
T, pH, ay, CO, nitrites) the display cabinet (75%); (7) Higher air curtain express the results, and
s P w0 flow rate in the display cabinet (125%); ranking of scenarios is
(8) Thermostat set in the display cabinet at 2.5 °C carried out using
multicriteria
decision analysis
(1) For initial LM at retail, levels lower than
—2log CFU/g did not affect mean mortality
(death/serving); (2) After 10 days of storage at a
mean temperature of 3 °C, there was no increase el e . .
in risk (maximum risk reached) because the (::;ep;zpli?a(gf)ariltgl\l/[nl(le?/zr;?::t;tle
Growth (linear model, mMPD‘waS attained; (3) Risk increased only (r=0.29), Repeated use of leftovers
Vacuum-packed and freshly secondary model when deli meats were kept for more than 18 h at (r = 0.17), EGR5 (r = 0.12) Low Yang et al.
sliced deli meats for EGR) ambient temperature; (4) Reducing maximum Re frigerati'on Eemperature kr :'0 09) [29]
Consumption storage temperature appeared to be more Serving size (r = 0.09), Refrigeration
effective at reducing risk than reducing fime (r = 0.03)
refrigeration time for deli meats; (5) Initial o
contamination levels at retail had stronger
impact on listeriosis risk than
cross-contamination in the home.
Cooked chicken offal 0 ND ND Low Kue;t;oe]:t al.
Cooked chicken offal 0 ND ND Low Wai et al. [31]

GI: growth inhibitors; aw: water activity; LPD: lag phase duration; GR: growth rate; EGRy: exponential growth rate at x °C; LAB: lactic acid bacteria; LAC: lactic acid concentration;
1: Pearson’s correlation coefficient; ND: not done; Bold: It is used to make a distinction for the grouping of the scopes of models.
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Only three models investigated the risk of listeriosis from non-RTE foods; namely,
poultry and beef [22] and chicken offal [30,31]. The other 21 models focused on RTE
processed meats, of which 12 were explicitly deli meats. The remaining eight pertained
to fermented sausages (x3: [8,10,18]), bulk-cooked meat [9], dry-cured pork shoulder [10],
miscellaneous processed meats [17], and packaged heat-treated meats [25,27].

From the 12 deli meats models, four of them [7,14,20,28] compared the risk of listeriosis
between manufacture pre-packed and retail-sliced deli meats (Table 1).

The majority of the listeriosis QRA models for meat products considered contamina-
tion pathways from end of processing or retail to table (15/23), with 10 of them investigating
deli meats. QRA models of longer scope (processing-to-table) were reserved mostly for
processed meats rather than deli meats (five models), namely, high-pressure-processed
chorizo, bulk-cooked meat, fermented sausage and dry-cured pork shoulder, in which
the effects of processing stages were characterised. Only one QRA model for deli meats
covered the processing-to-table scope [7]. Three models consisted only of the consumption
module, from which one pertained to deli meats [29]. No single QRA model included a
primary production module (Table 1).

Processed meat products may be contaminated with L. monocytogenes at different
stages: either raw materials are contaminated and processing stages are unable to reduce
pathogen’s populations; or contact with contaminated raw materials contaminates surfaces
or operators, which may take place at any phase between the meat processing plant and
the consumer’s home. For such reasons, nearly half of the QRA models (11/23) attempted
to characterise cross-contamination, with modules placed during food processing [7,8], at
retail [7,9,15,16,23,26,28] and during handling at home [22,24,29,31] (Table 1). Except for
Pouillot et al. [23], who developed a rather complex discrete event approach to model cross-
contamination at retail, simple transfer coefficients were applied in the QRA models to
depict cross-contamination during processing (i.e., from slicing machine), at retail (i.e., from
slicing machines and from other environmental elements) and at home (i.e., from fridge,
hands and to cooked meat).

The QRA models retrieved varied in degree of architectural complexity. For the
estimation of the exposure or the risk, only 18% of the models established a separation
between variability and uncertainty [9,14-17]. All QRA models, except two [30,31], em-
ployed predictive microbiology models, including microbial growth, survival and compe-
tition models (Table 2). The lag phase duration of L. monocytogenes was not represented
in 14 models [8,9,17-23,26,27,29-31], whereas only 3 QRA models [23,25,28] employed
time—temperature trajectories to more realistically estimate the growth of L. monocytogenes
along the storage process (Table 1).

Five QRA models considered mortality, apart from illness, as endpoint for risk es-
timation, having in common that all of them used the dose-response model from FDA-
FSIS [11,14,20,21,28]. In one model, no risk estimation was carried out, since authors were
interested in modelling only exposure assessment [8]. The exponential “single-hit” dose
function was the choice for all models, of which the most common approach was that of
FAO/WHO [18] (10 models), followed by FDA-FSIS [17] (8 QRA models), Pouillot et al. [32]
(5 QRA models), Lindqvist and Westoo [35] (2 QRA models) and Pouillot et al. [34]. EFSA
BIOHAZ [27] proposed a dose-response model based on that of Pouillot et al. [32] but
stratified by gender and age classes instead of by consumers’ pre-conditions.

Most of the QRA models assessed the impact of what-if scenarios, which can be
understood as risk factors or intervention strategies (20 models); sensitivity analysis on
L. monocytogenes counts, on dose per serving or on listeriosis risk as response variables was
performed in 9 models (Table 2).

4. Discussion
4.1. Risk Factors and Control Measures Assessed at Processing

According to the systematic review conducted by Gonzales-Barron et al. [6], out of
65 QRA listeriosis QRA models retrieved since 1998, most of them focused on meat and
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meat products (35.4%)—followed by dairy products (27.7%). The scope of the listeriosis
QRA models linked to meats begins upstream in the supply chain, as processing or end-of-
processing/retail, and not earlier, despite farms and slaughtering being important sources
of contamination of meats and meat products [37-40]. This may happen because many
tracking survey studies have shown that the contamination of the final meat products
commonly occurs in the slaughterhouse or at a retail level, and rarely directly from food-
producing animals (i.e., faecal contamination). As early as in 1996, Nesbakken et al. [41]
concluded that post-slaughtering processing was a significant source of contamination,
and that it was in the cutting room environment where contamination is amplified. Later,
Kathariou [42] was more conclusive, stating that, in general, the primary source of con-
tamination before handover to consumers was the processing stage. Thévenot et al. [43]
detected both persistent and sporadic strains of L. monocytogenes in meat processing envi-
ronments, with a high genotype diversity. Therefore, even if L. monocytogenes enters the
processing plant at low levels, some strains may survive in biofilms, persist in the process-
ing environment and contribute to both environment and RTE meat product contamination
and recontamination.

For RTE meat products, the most frequently applied hurdles are the use/application of
growth-inhibitors (GI) (i.e., nitrites, lactate, diacetate, etc.), biopreservatives (i.e., lactic acid
bacteria (LAB) cultures), post-process lethality treatments (i.e., in-package pasteurisation,
irradiation, high-pressure processing, etc.), vacuum-packaging and cold storage. The
effectiveness of a post-process lethality treatment, the use of GI and sampling testing
at the end of processing was evaluated in the only QRA model for deli meats covering
processing to retail [7]. This research found that the combination of the two hurdles—post-
process lethality treatment (pasteurisation or UV) and the application of GI packaging
(1.5-3.0% lactate alone or in combination with 0.125-0.25% diacetate)}—was more effective
in reducing the annual cases of listeriosis (92.5% reduction) than when used alone (38%
or 80% reduction, respectively), and far more effective than implementing a verification
sampling of 60 samples per month in small, medium and large facilities (15% reduction)
(Table 2). Such scenarios were tested conforming to FSIS [44] rules to effectively control
L. monocytogenes in RTE foods.

Other hurdles applied to meat products different than deli meats were evaluated
in processing-to-retail QRA models, such as the application of high-pressure processing
(HPP) in chorizo [8], the addition of LAB culture in fermented sausage [10] and the effect
of lower water activity during ripening (longer dehydration) in fermented sausage and
dry-cured pork shoulder [10]. Possas et al. [8] demonstrated that HPP was an efficient
intervention to reduce the prevalence of contaminated chorizo packs, although it depended
on the application time. HPP at 600 MPa for 3, 6 or 9 min reduced the mean prevalence
of L. monocytogenes in contaminated chorizo packs at consumption by 90, 97 or >99.9%,
respectively, when initial contamination in the batter was below 100 CFU/g. Nonetheless,
they showed that, if 150 ppm nitrites were removed from the chorizo formulation, and HPP
was applied at 600 MPa for 6 min or 9 min, the resulting mean prevalence of contaminated
chorizo packs would increase by 66% (from 0.09% to 0.15%) or 100% (from 0.01% to 0.02%),
respectively, in comparison to those scenarios where HPP was applied and nitrites were
kept. Other scenarios relative to alterations of processes were evaluated by Brusa et al. [10].
They estimated that, when a certain LAB cocktail is added to the fermented sausage
formulation, the final concentration of L. monocytogenes was lower than 100 CFU/g in
98.2% of the sausages, as opposed to the 73.7% attained when LAB was not added. They
also predicted a relationship between the final pH of the sausage and the odds ratios of
the risk of listeriosis. As the final pH decreased from 5.9 to 5.7, 5.5 and 5.3, the odds
of acquiring listeriosis diminished from 2.52 to 1.97, 1.61 and 1.03 times higher than the
odds of acquiring listeriosis from sausages of pH = 5.1. Greater dehydration was also an
effective hurdle; decreasing the a,, of fermented sausages during ripening to <0.92 also
reduced the risk of listeriosis in a magnitude 1.7 times lower than sausages with a,, > 0.93,
whereas decreasing the a of dry-cured pork shoulder by salting to values < 0.93 reduced
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the risk of listeriosis to a greater extent (27 times lower). In the sensitivity analyses for
both fermented sausage and dry-cured pork shoulder, the prevalence of L. monocytogenes
in raw meat was associated with the risk of listeriosis (r = 0.28 and 0.13, respectively);
however, whereas, in the fermented sausage, variables related to pH drop (i.e., the use of
LAB, fermentation temperature, pH reached during fermentation, LAB concentration in
the fermented sausage) were more important than the water activity of the final sausage,
for the dry-cured pork shoulder, the water activity during salting was the most correlated
with listeriosis risk.

Six of the QRA models [11,14-16,20,21,24] assessed the impact of Gls in deli meats,
more specifically the combined application of lactate and diacetate, which have been long
recognised as capable of suppressing pathogenic growth in foods with neutral pH. Their
effectiveness in reducing listeriosis risk has been shown to be variable. The FSIS QRA
model [21] estimated that the formulation of RTE meat and poultry deli meats with GI
would reduce the mean annual death cases by 78% in the elderly; Endrikat et al. [20]
predicted that the use of GI in pre-packed deli meats and in retail-sliced deli meats would
reduce the mean annual deaths by 55% and 82%, respectively, in the elderly population.
Pradhan et al. [11] stated that products formulated with GIs would decrease the mean
annual deaths in the elderly 7.8-, 3.7- and 2.5-fold for RTE turkey, roast beef and ham,
respectively, whereas Falk et al. [24] estimated greater reductions in the median cases of
listeriosis, namely, 78-fold for ham delicatessen meat, 56-fold for beef delicatessen meat
and 49-fold for hotdog, when they were formulated with GIs. Gallagher et al. [15,16]
estimated that, if all RTE products sold in delis (RTE turkey, ham and roast beef) were
reformulated with GI, the mean risk of listeriosis would be reduced by 95.2% in the
susceptible population.

Many QRA models demonstrated, through what-if scenarios, how greater risk reduc-
tions can be attained by reducing the initial prevalence and/or counts of L. monocytogenes
in foods at the end of processing or retail [12,13,17,24,25,29]. In FDA-FSIS [17], higher re-
duction levels, rather than decreasing storage time and storage temperature, were obtained
by reducing the initial concentration of L. monocytogenes at the start of retail in processed
meats, which they hypothesised could be achieved through a processing-level lethal in-
tervention. This QRA model estimated that reducing the initial mean contamination by
1.0 log would reduce the number of deaths in the elderly population by 50%, whereas
reducing contamination in 2.0 logs would result in a 74% reduction. Many years later,
in the QRA model built by Pérez-Rodriguez et al. [25], a comparable level of reduction
in listeriosis cases (89% reduction) was obtained when the maximum initial concentra-
tion of L. monocytogenes in packaged, heat-treated meat products was reduced in 2.0 logs.
Such a reduction rate was greater than those of the scenarios of decreasing the storage
temperature and time to consumption. Ross et al. [12,13], simulating what would be
the application of a milder listericidal treatment during processing that would achieve
1-2 log mean reduction in L. monocytogenes, calculated a 150-fold decrease in the mean
predicted annual listeriosis from luncheon meats, cooked sausages and patés. Simulating a
greater reduction in L. monocytogenes initial counts of 34 logs, they estimated a ~600-fold
decrease in the annual cases of listeriosis. Comparable high levels of risk reduction were
found by Falk et al. [24]—952-, 279-, 381- and 116-fold decreases in the median cases of
listeriosis for turkey deli meat, ham delicatessen meat, beef delicatessen meat and hot-
dog, respectively—if the initial mean concentration of L. monocytogenes at retail would be
reduced from 75 CFU/g to 1 CFU/g. Furthermore, Yang et al. [29] also corroborated that
the initial contamination level at retail (r = 0.29) was the main driver of mortality in the
intermediate-age population due to the consumption of vacuum-packed and freshly sliced
deli meats, a much stronger factor than storage temperature (r = 0.09) and storage time
(r =0.03) (Table 2).
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4.2. Risk Factors and Control Measures at Retail and Home

Reducing storage temperature had a greater effect on reducing the risk of listeriosis
than reducing storage time. In Pradhan et al. [14], the scenario of reducing the maximum
storage temperature to 7 °C reduced the median number of deaths by 64% and 80% for
pre-packaged ham elaborated without and with GlIs, respectively, and by 62% and 79%
for retail-sliced ham elaborated without and with GIs, respectively. In contrast, when the
mean storage time was decreased from 28 to 16 days, the median numbers of deaths for the
above products were reduced, to a lesser extent, by 24%, 51%, 32% and 57%, respectively.

Accordingly, these authors estimated that the concentration of L. monocytogenes at
the end of retail was mainly driven by storage temperature (r = 0.65), followed by the
lag time (r = —0.49) and the storage time (r = 0.33). A sensitivity analysis on listeriosis
cases performed by Falk et al. [24] also showed that the listeriosis cases from deli meats
was more affected by the consumer’s refrigerator temperature than by storage time (r not
provided), whereas, in Yang et al. [29], the consumers’ refrigeration temperature (r = 0.09)
and the refrigeration time (r = 0.03) were both poorly correlated with mortality in the
intermediate-age population.

In a QRA model on deli meats, at the stage of retail, Gallagher et al. [15,16] showed
that, during retail, setting the deli temperature no higher than 5 °C would reduce the mean
risk of listeriosis in the susceptible population by 16.3%, whereas shortening the time in
retail delis from 7 to 4 days would have no effect on the mean risk of listeriosis. Likewise,
at the consumer level, keeping home refrigerators at temperatures lower than 5 °C would
reduce the risk by 99.99%, whereas consuming the deli meats within 4 days after purchase
would reduce the mean risk by 99.0%. On the other hand, interestingly, there were two QRA
models [25,26] where decreasing the storage temperature produced a similar effect on the
final risk as reducing the storage time. In Pérez-Rodriguez et al. [25], a decrease of 1-2 °C
in the dynamic temperature profiles, and a decrease in the time to consumption of 25%,
led both to a 37-38% reduction in the cases of listeriosis per million servings of packaged
heat-treated meat products, whereas, in Tsaloumi et al. [26], setting a use-by date of 14 days
from the time of slicing, or reducing consumers’ storage temperature from a mean of 6 °C
to 5 °C, would reduce the median cases of listeriosis from seven (baseline scenario of no
use-by date and mean of 6 °C storage) to zero. Duret et al. [28] explored the link between
the cold chain for cooked ham (including transport, supermarket cold storage, display
cabinets, consumer transport and home refrigerator) and the associated listeriosis risk,
together with the food wasted due to spoilage bacteria (LAB) and the cold-chain electricity
consumption. A set of eight intervention strategies was tested to assess their effect on the
three criteria investigated: food safety, food waste and energy consumption. The results
showed that changing the thermostat of the home refrigerator has a high effect on listeriosis
risk and food waste, but a limited effect on electricity consumption. Conversely, changing
the airflow rate in the cabinet has a significant effect on electricity consumption but a
negligible impact on listeriosis risk and food waste.

4.3. Cross-Contamination

Multiple studies have shown that delicatessen meats sliced in retail tend to have a
higher level of bacterial contamination than deli meats sliced in factories [21,45,46]. The
QRA model for pre-packed and retail-sliced deli meats from Endrikat et al. [20] estimated
a relative risk of deli meats sliced at retail versus sliced in factories of 4.89 in the elderly
population. A model published by FSIS [21] also found a similar result: retail-sliced deli
meats presented annual death cases 80% higher than pre-packed deli meats. Both studies
showed, by means of regression trees analysis, that the most important determinant of
risk, after age of consumers, was slicing location (whether retail-sliced or pre-packed)
and, according to them, this was more determinant than the presence of GI. Likewise,
Pradhan et al. [14] demonstrated that the malpractice of storing in home refrigerators
at temperatures higher than 10 °C accounts for ~17% and 32% of the predicted deaths
associated with pre-packaged ham without and with Gis, respectively, whereas higher
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estimates of ~20% and 41% of the deaths are associated with retail-sliced ham without Gis
and with Gis, respectively (Table 2).

These recurrent findings have suggested that the preparation of such RTE foods in
retail shops augments the risk of contamination. In the retail environment, there are
sources of contamination or cross-contamination, routes of spreading of L. monocytogenes
and potential problems with hygiene monitoring. Pouillot et al. [23] developed a discrete-
event modelling framework of cross-contamination from object to object, from food to
object and from object to food; they assumed the presence of L. monocytogenes niches
or harbourage sites allowing the release, at a given frequency, of a given number of
cells to a site (i.e., utensils, slicers, food contact surfaces, scales, sinks, handles, floors,
etc.). The model demonstrated that, (1) when more L. monocytogenes cells enter the retail
environment, the risk is increased, regardless of the origin of the cells (from niches in the
retail environment or from cells on incoming RTE food from the manufacturer) and that
(2) a high frequency of cross-contamination events (daily versus weekly) has more impact
than a high concentration of L. monocytogenes per cross-contamination event (100 versus
1000 CFU). Pouillot et al. [23] predicted that the risk of products from retail shops, with
highly contaminated incoming RTE food that supports L. monocytogenes growth, is six times
higher than the risk from shops that have an equally highly contaminated incoming RTE
food, yet one that does not support growth. This means that most of the increase in the risk
of products from these deli shops arises from cross-contamination to RTE foods supporting
the growth of L. monocytogenes. Therefore, both the elimination of L. monocytogenes niches
in retail deli establishments and efficient temperature control are crucial in attaining a
lower risk of listeriosis. Yang et al. [29] indicated that cross-contamination at home has
a lower contribution to listeriosis risk than the contamination levels that can be attained
during retail.

4.4. L. monocytogenes Lag Phase as a Driver of Risk Estimation

Finally, some QRA models have assessed the impact of the lag phase duration of
L. monocytogenes on the final risk. The lag phase assumption is of particular importance
in the exposure assessments of foods, such as meat products, that are formulated with
compounds or additives that act by extending the lag phase duration of microorganisms. In
their QRA model for deli meats, Pradhan et al. [11] illustrated the importance of including
the lag phase duration, by indicating that the mean numbers of deaths and illnesses
for ham and roast beef formulated without Gis were 2.4- and 1.9-fold lower when lag
phase was considered, than those obtained without lag phase (long mean lag phases
of 5.9 and 5.1 days assumed for ham and roast beef without GI, respectively). Later,
the same authors [14] estimated that lag time was the second most important variable
(r = —0.49) driving L. monocytogenes concentration at the end of retail, just after retail storage
temperature. Likewise, whereas, in the QRA model of Falk et al. [24] for delicatessen meats
and hot dogs, the lag time duration was a moderate driver (r = —0.13 to —0.27) of the
number of listeriosis cases, Pérez-Rodriguez et al. [25] quantified a reduction of 57% in the
number of cases of listeriosis per million servings if the lag time was included in the QRA
model for packaged heat-treated meat products. Conversely, using a sensitivity analysis,
Duret et al. [34] showed that the latency modeling approach (population versus individual)
was not an important parameter for exposure. The authors chose the simplest approach for
estimating risk [28].

4.5. Model Availability

Sharing risk assessment models is crucial to ensure the transparency of the methodol-
ogy and facilitate reusability. This holds particular significance in the realm of scientific
research, where there is a growing emphasis on reproducibility and open science [47]. By
sharing these models, researchers enable others to scrutinise their work, detect potential
biases and use the models for their own datasets. Beyond transparency, the sharing of mod-
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els streamlines reusability, a boon for researchers who may lack the resources to develop
their own models [48].

Among the studies published, two grant access to scripts or spreadsheets [25,27],
while two propose sharing the utilised models upon request [23,28] (details regarding
model-sharing characteristics are available in the Supplementary Material of this article).
For the other models, there is no indication of their availability. Several studies refer to a site
that is no longer maintained [11,12,17], highlighting the challenge of reproducibility over
time. As software evolves and resources vanish, such as the need for website maintenance,
reproducing calculations becomes increasingly challenging [49].

5. Conclusions

None of the 23 QRA models retrieved simulated primary production or slaughtering;
their scope mostly focused on end-of-processing or retail-to-consumption, although they
indirectly evaluated the impact of growth inhibitor and lethal treatments on the final
risk estimate. Most of the QRA models were carried out for RTE meat products such
as deli meats, since these products support the growth of L. monocytogenes, have a long
shelf-life and are very susceptible to cross-contamination in the processing and retail
environments. The outputs of the QRA models agreed that deli meats sliced at retail
sites lead to higher risks of listeriosis than manufacture pre-packed deli meats. Cross-
contamination events are represented in approximately half the QRA models retrieved.
However, cross-contamination modelling should not be overlooked, since L. monocytogenes
has been frequently detected in processing and retail environments, revealing that persistent
strains could be isolated from contact surfaces even after cleaning and disinfection, and
even with recovery times of up to three years in the meat processing environment. QRA
models widely agreed on the fact that controlling (reducing) the initial concentration of L.
monocytogenes at the end of processing—which could be achieved through growth inhibitors
or through the application of heat treatment or high-pressure processing—would be far
more effective than keeping storage temperatures low or reducing storage times. If a meat
product contains a growth inhibitor compound or a lactic acid bacteria culture starter is
added, it is important to determine how these preservatives would affect the lag time
duration and maximum population density of L. monocytogenes, because QRA models
have demonstrated the moderate impact that those two parameters exert on the final risk
estimate. Future QRA models should include cross-contamination modules along the food
chain, should be based on accurate microbial kinetic parameters and should represent the
effects of new technologies and/or intervention strategies, such as high pressure processing,
functional starter cultures, bacteriocins and bioactive packaging. Models should also allow
the assessment of the impact of effective cleaning and sanitation programmes in processing
plants, as well as the impact of end-product batch microbiological testing.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods13030359/s1.

Author Contributions: Conceptualization, M.S. and U.G.-B.; methodology, M.S. and U.G.-B.; soft-
ware, U.G.-B; validation, V.C., ].D.O.M., L.G., M.S. and U.G.-B.; formal analysis, M.S. and U.G.-B.;
investigation, V.C., L.G., M.S. and U.G.-B.; resources, M.S.; data curation, L.G., V.C. and U.G.-B.;
writing—original draft preparation, U.G.-B., L.G. and M.S.; writing—review and editing, ].D.O.M.,
V.C. and U.G.-B; visualization, V.C., L.G., M.S. and U.G.-B.; supervision, M.S. and U.G.-B.; project
administration, ].D.O.M. and M.S,; funding acquisition, M.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: A BibTeX file containing clean records from the systematic review
is available.


https://www.mdpi.com/article/10.3390/foods13030359/s1
https://www.mdpi.com/article/10.3390/foods13030359/s1

Foods 2024, 13, 359 19 of 21

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

EFSA (European Food Safety Authority); ECDC (European Centre for Disease Prevention and Control). The European Union
One Health 2021 Zoonoses Report. EFSA |. 2022, 20, €7666. [CrossRef]

U.S. Centers for Disease Control and Prevention. MMWR: Summary of Notifiable Infectious Diseases 2010-2020. Available online:
https:/ /www.cdc.gov/mmwr/mmwr_nd/index.html (accessed on 6 October 2022).

Pasonen, P; Ranta, J.; Tapanainen, H.; Valsta, L.; Tuominen, P. Listeria monocytogenes risk assessment on cold smoked and
salt-cured fishery products in Finland—A repeated exposure model. Int. ]. Food Microbiol. 2019, 304, 97-105. [CrossRef] [PubMed]
Carrasco, E.; Pérez-Rodriguez, F.; Valero, A.; Garcia-Gimeno, R.M.; Zurera, G. Risk assessment and management of
Listeria monocytogenes in ready-to-eat lettuce salads. Compr. Rev. Food Sci. Food Saf. 2010, 9, 498-512. [CrossRef] [PubMed]

EFSA (European Food Safety Authority); Panel of Biological Hazards (BIOHAZ). The public health risk posed by
Listeria monocytogenes in frozen fruit ad vegetables including herbs, blanched during processing. EFSA . 2020, 18, 6092.
[CrossRef]

Gonzales-Barron, U.; Cadavez, V.; Guillier, L.; Sanaa, M. A critical review of risk assessment models for Listeria monocytogenes in
dairy products. Foods 2023, 12, 4436. [CrossRef]

Tang, J. Risk Assessment of Listeria monocytogenes in Ready-to-Eat Meat from Plants to Consumption. Ph.D. Thesis, Virginia
Polytechnic Institute and State University, Blacksburg, VA, USA, 2013.

Possas, A.; Valdramidis, V.; Garcia-Gimeno, R.; Pérez-Rodriguez, F. High hydrostatic pressure processing of sliced fermented
sausages: A quantitative exposure assessment for Listeria monocytogenes. Innov. Food Sci. Emerg. Technol. 2019, 52, 406—419.
[CrossRef]

Sun, W,; Liu, Y.; Wang, X.; Liu, Q.; Dong, Q. Quantitative risk assessment of Listeria monocytogenes in bulk cooked meat from
production to consumption in China: A Bayesian approach. . Sci. Food Agric. 2019, 99, 2931-2938. [CrossRef]

Brusa, V.; Prieto, M.; Campos, C.; Epszteyn, S.; Cuesta, A.; Renaud, V.; Schembri, G.; Vanzini, M.; Michanie, S.; Leotta, G.; et al.
Quantitative risk assessment of listeriosis associated with fermented sausage and dry-cured pork shoulder consumption in
Argentina. Food Control 2021, 123, 107705. [CrossRef]

Pradhan, A.; Ivanek, R.; Grohn, Y.T.; Geornaras, I.; Sofos, ].N.; Wiedman, M. Quantitative risk assessment of Listeria monocytogenes
in selected categories of deli meats: Impact of lactate and diacetate on listeriosis cases and deaths. J. Food Prot. 2009, 72, 978-989.
[CrossRef]

Ross, T.; Rasmussen, S.; Sumner, J. Using a quantitative risk assessment to mitigate risk of Listeria monocytogenes in ready-to-eat
meats in Australia. Food Control 2009, 20, 1058-1062. [CrossRef]

Ross, T.; Rasmussen, S.; Fazil, A.; Paoli, G.; Summer, J. Quantitative risk assessment of Listeria monocytogenes in ready-to-eat meats
in Australia. Int, ]. Food Microbiol. 2009, 131, 128-137. [CrossRef] [PubMed]

Pradhan, A.K,; Ivanek, R.; Grohn, Y.T.; Bukowski, R.; Geornaras, I.; Sofos, J.N.; Wiedmann, M. Quantitative risk assessment of
listeriosis-associated deaths due to Listeria monocytogenes contamination of deli meats originating from manufacture and retail.
J. Food Prot. 2010, 73, 620-630. [CrossRef] [PubMed]

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

Gallagher, D.; Pouillot, R.; Hoelzer, K.; Tang, J.; Dennis, S.B.; Kause, J.R. Listeria monocytogenes in retail delicatessens: An
interagency risk assessment-risk mitigations. J. Food Prot. 2016, 79, 1076-1088. [CrossRef] [PubMed]

FDA-FSIS. Quantitative Assessment of Relative Risk to Public Health from Foodborne Listeria monocytogenes among Selected Categories of
Ready-to-Eat Foods; Center for Food and Safety and Applied Nutrition, Food and Drug Administration, U.S. Department of Health
and Human Services, and Food Safety and Inspection Service, U.S. Department of Agriculture: College Park, MD, USA, 2003; pp.
1-541.

FAO/WHO. Risk Assessment of Listeria monocytogenes in Ready-to-Eat Foods: Technical Report; World Health Organization and Food
and Agriculture Organization of the United Nations: Geneve, Switzerland, 2004; pp. 1-269.

Giovannini, A.; Migliorati, G.; Prencipe, V.; Calderone, D.; Zuccolo, C.; Cozzolino, P. Risk assessment for listeriosis in consumers
of Parma and San Daniele hams. Food Control 2007, 18, 789-799. [CrossRef]

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

FSIS. FSIS Comparative Risk Assessment for Listeria monocytogenes. In Ready-to-Eat Meat and Poultry Deli Meats: Technical Report;
Risk Assessment Division, Office of Public Health Science, Food Safety and Inspection Service, United States Department of
Agriculture: College Park, MD, USA, 2010; pp. 1-60.

Foerster, C.; Figueroa, G.; Evers, E. Risk assessment of Listeria monocytogenes in poultry and beef. British Food ]. 2015, 117, 779-792.
[CrossRef]


https://doi.org/10.2903/j.efsa.2022.7666
https://www.cdc.gov/mmwr/mmwr_nd/index.html
https://doi.org/10.1016/j.ijfoodmicro.2019.04.007
https://www.ncbi.nlm.nih.gov/pubmed/31176965
https://doi.org/10.1111/j.1541-4337.2010.00123.x
https://www.ncbi.nlm.nih.gov/pubmed/33467835
https://doi.org/10.2903/j.efsa.2020.6092
https://doi.org/10.3390/foods12244436
https://doi.org/10.1016/j.ifset.2019.01.017
https://doi.org/10.1002/jsfa.9506
https://doi.org/10.1016/j.foodcont.2020.107705
https://doi.org/10.4315/0362-028X-72.5.978
https://doi.org/10.1016/j.foodcont.2009.01.003
https://doi.org/10.1016/j.ijfoodmicro.2009.02.007
https://www.ncbi.nlm.nih.gov/pubmed/19327859
https://doi.org/10.4315/0362-028X-73.4.620
https://www.ncbi.nlm.nih.gov/pubmed/20377949
https://doi.org/10.1016/j.ijfoodmicro.2013.01.016
https://www.ncbi.nlm.nih.gov/pubmed/23454818
https://doi.org/10.4315/0362-028X.JFP-15-336
https://www.ncbi.nlm.nih.gov/pubmed/27357026
https://doi.org/10.1016/j.foodcont.2006.03.014
https://doi.org/10.4315/0362-028X-73.4.612
https://www.ncbi.nlm.nih.gov/pubmed/20377948
https://doi.org/10.1108/BFJ-03-2014-0131

Foods 2024, 13, 359 20 of 21

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Pouillot, R.; Gallagher, D.; Tang, J.; Hoelzer, K.; Kause, J.; Dennis, S.B. Listeria monocytogenes in retail delicatessens: An interagency
risk assessment-model and baseline results. J. Food Prot. 2015, 78, 134-145. [CrossRef]

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

Pérez-Rodriguez, F.; Carrasco, E.; Bover-Cid, S.; Jofré, A.; Valero, A. 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. 2017, 2017, EN-1252. [CrossRef]

Tsaloumi, S.; Aspridou, Z.; Tsigarida, E.; Gaitis, F.; Garofalakis, G.; Barberis, K.; Tzoumanika, F.; Dandoulaki, M.; Skiadas, R.;
Koutsoumanis, K. Quantitative risk assessment of Listeria monocytogenes in ready-to-eat (RTE) cooked meat products sliced at
retail stores in Greece. Food Microbiol. 2021, 99, 103800. [CrossRef] [PubMed]

EFSA (European Food Safety Authority); Panel of Biological Hazards (BIOHAZ). Scientific opinion on the Listeria monocytogenes
contamination of ready-to-eat foods and the risk for human health in the EU. EFSA ]. 2018, 16, 5134. [CrossRef]

Duret, S.; Hoang, H.M.; Derens-Bertheau, E.; Delahaye, A.; Laguerre, O.; Guillier, L. Combining quantitative risk assessment of
human health, food waste, and energy consumption: The next step in the development of the food cold chain? Risk Anal. 2019,
39, 906-925. [CrossRef] [PubMed]

Yang, H.; Mokhtari, A.; Jaykus, L.-A.; Morales, R.A.; Cates, S.C.; Cowen, P. Consumer phase risk assessment for
Listeria monocytogenes in deli meats. Risk Anal. 2006, 26, 89-103. [CrossRef] [PubMed]

Kuan, C.; Goh, S.; Loo, Y.; Chang, W.; Lye, Y.; Puspanadan, S.; Shahril, N.; Tang, J.; Mahyudin, N.; Nishibuchi, M.; et al. Risk
assessment of acquiring listeriosis from consumption of chicken offal in Selangor, Malaysia. Int. Food Res. ]. 2015, 22, 1711-1718.
Wai, G.; Tang, J.; Alias, N.; Kuan, C.; Goh, S.; Son, R. Risk of acquiring listeriosis from consumption of chicken offal among high
risk group. Malays. ]. Fundam. Appl. Sci. 2020, 16, 59-63. [CrossRef]

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

FAO/WHO. Risk Characterization of Salmonella spp. In Eggs and Broiler Chicken and Listeria monocytogenes in Ready-to-Eat Foods;
Food and Agriculture Organization of the United Nations: Rome, Italy, 2001; pp. 1-269.

Pouillot, R.; Goulet, V.; Delignette-Muller, M.L.; Mahé, A.; Cornu, M. Quantitative risk assessment of Listeria monocytogenes in
French cold-smoked salmon: II. Risk characterization. Risk Anal. 2009, 29, 806-819. [CrossRef]

Lindqvist, R.; West66, A. Quantitative risk assessment for Listeria monocytogenes in smoked or gravad salmon and rainbow trout
in Sweden. Int. J. Food Microbiol. 2000, 58, 181-196. [CrossRef]

Duret, S.; Guillier, L.; Hoang, H.-M.; Flick, D.; Laguerre, O. Identification of the significant factors in food safety using global
sensitivity analysis and the accept-and-reject algorithm: Application to the cold chain of ham. Int. ]. Food Microbiol. 2014,
180 (Suppl. C), 39—-48. [CrossRef]

Kanuganti, S.R.; Wesley, I.V.; Reddy, P.G.; McKean, ].; Hurd, H.S. Detection of Listeria monocytogenes in pigs and pork. J. Food Prot.
2002, 65, 1470-1474. [CrossRef] [PubMed]

Thévenot, D.; Dernburg, A.; Vernozy-Rozand, C. An updated review of Listeria monocytogenes in the pork meat industry and its
products. J. Appl. Microbiol. 2006, 101, 7-17. [CrossRef] [PubMed]

Hellstrom, S.; Laukkanen, R.; Siekkinen, K.-M.; Jukka, R.; Maijala, R.; Korkeala, H. Listeria monocytogenes contamination in pork
can originate from farms. J. Food Prot. 2010, 73, 641-648. [CrossRef] [PubMed]

Kurpas, M.; Wieczorek, K.; Osek, ]. Ready-to-eat meat products as a source of Listeria monocytogenes. |. Vet. Res. 2018, 61, 49-55.
[CrossRef]

Nesbakken, T.; Kapperud, G.; Caugant, D.A. Pathways of Listeria monocytogenes contamination in the meat processing industry.
Int. ]. Food Microbiol. 1996, 31, 161-171. [CrossRef]

Kathariou, S. Listeria monocytogenes virulence and pathogenicity, a food safety perspective. J. Food Prot. 2002, 65, 1811-1829.
[CrossRef]

Thévenot, D.; Delignette-Muller, M.L.; Dernburg, A.; Christieans, S.; Vernozy-Rozand, C. Serological and molecular epidemiology
of Listeria monocytogenes strains collected in 13 French salting plants and their products. Int. ]. Food Microbiol. 2006, 112, 153-161.
[CrossRef]

FSIS. FSIS Rule Designed to Reduce Listeria monocytogenes in Ready-to-Eat Meat and Poultry; Food Safety and Inspection Service,
United States Department of Agriculture: College Park, MD, USA, 2003.

Hoelzer, K.; Pouillot, R.; Gallagher, D.; Silverman, M.B.; Kause, J.; Dennis, S. Estimation of L. monocytogenes transfer coefficients
and efficacy of bacterial removal through cleaning and sanitation. Int. ]. Food Microbiol. 2012, 157, 267-277. [CrossRef]
Chaitiemwong, N.; Hazeleger, W.C.; Beumer, R.R. Inactivation of Listeria monocytogenes by disinfectants and bacteriophages in
suspension and stainless steel carrier tests. J. Food Prot. 2014, 77, 2012-2020. [CrossRef]

Plaza-Rodriguez, C.; Haberbeck, L.U.; Desvignes, V.; Dalgaard, P.; Sanaa, M.; Nauta, M.; Filter, M.; Guillier, L. Towards transparent
and consistent exchange of knowledge for improved microbiological food safety. Curr. Opin. Food Sci. 2018, 19, 129-137. [CrossRef]


https://doi.org/10.4315/0362-028X.JFP-14-235
https://doi.org/10.1017/S0950268816000327
https://doi.org/10.2903/sp.efsa.2017.EN-1252
https://doi.org/10.1016/j.fm.2021.103800
https://www.ncbi.nlm.nih.gov/pubmed/34119094
https://doi.org/10.2903/j.efsa.2018.5134
https://doi.org/10.1111/risa.13199
https://www.ncbi.nlm.nih.gov/pubmed/30261117
https://doi.org/10.1111/j.1539-6924.2006.00717.x
https://www.ncbi.nlm.nih.gov/pubmed/16492183
https://doi.org/10.11113/mjfas.v16n1.1477
https://doi.org/10.1111/risa.12235
https://doi.org/10.1111/j.1539-6924.2008.01200.x
https://doi.org/10.1016/S0168-1605(00)00272-5
https://doi.org/10.1016/j.ijfoodmicro.2014.04.009
https://doi.org/10.4315/0362-028X-65.9.1470
https://www.ncbi.nlm.nih.gov/pubmed/12233860
https://doi.org/10.1111/j.1365-2672.2006.02962.x
https://www.ncbi.nlm.nih.gov/pubmed/16834586
https://doi.org/10.4315/0362-028X-73.4.641
https://www.ncbi.nlm.nih.gov/pubmed/20377951
https://doi.org/10.2478/jvetres-2018-0007
https://doi.org/10.1016/0168-1605(96)00978-6
https://doi.org/10.4315/0362-028X-65.11.1811
https://doi.org/10.1016/j.ijfoodmicro.2006.06.017
https://doi.org/10.1016/j.ijfoodmicro.2012.05.019
https://doi.org/10.4315/0362-028X.JFP-14-151
https://doi.org/10.1016/j.cofs.2017.12.002

Foods 2024, 13, 359 21 of 21

48. Filter, M.; Nauta, M.; Pires, S.M.; Guillier, L.; Buschhardt, T. Towards efficient use of data, models and tools in food microbiology.
Curr. Opin. Food Sci. 2022, 46, 100834. [CrossRef]

49. Perkel, ] M. Challenge to scientists: Does your ten-year-old code still run? Nature 2020, 584, 656-659. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cofs.2022.100834
https://doi.org/10.1038/d41586-020-02462-7
https://www.ncbi.nlm.nih.gov/pubmed/32839567

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Risk Factors and Control Measures Assessed at Processing 
	Risk Factors and Control Measures at Retail and Home 
	Cross-Contamination 
	L. monocytogenes Lag Phase as a Driver of Risk Estimation 
	Model Availability 

	Conclusions 
	References

