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Amulti-criteria framework combining safety, hygiene and sensorial qualitywas developed to investigate the pos-
sibility of extending the shelf-life and/or removing lactate by applying High Hydrostatic Pressure (HHP) in a
ready-to-cook (RTC) poultry product. For this purpose, Salmonella and Listeria monocytogenes were considered
as safety indicators and Escherichia coli as hygienic indicator. Predictive modeling was used to determine the in-
fluence of HHP and lactate concentration onmicrobial growth and survival of these indicators. To that end, prob-
abilistic assessment exposure models developed in a previous study (Lerasle, M., Guillou, S., Simonin, H.,
Anthoine, V., Chéret, R., Federighi, M., Membré, J.M. 2014. Assessment of Salmonella and L. monocytogenes level
in ready-to-cook poultry meat: Effect of various high pressure treatments and potassium lactate concentrations.
International Journal of Food Microbiology 186, 74–83) were used for L. monocytogenes and Salmonella. Besides,
for E. coli, an exposure assessment model was built by modeling data from challenge-test experiments. Finally,
sensory tests and color measurements were performed to evaluate the effect of HHP on the organoleptic quality
of an RTC product. Quantitative rules of decision based on safety, hygienic and organoleptic criteria were set. Hy-
gienic and safety criteria were associated with probability to exceed maximum contamination levels of L.
monocytogenes, Salmonella and E. coli at the end of the shelf-life whereas organoleptic criteria corresponded to
absence of statistical difference between pressurized and unpressurized products. A tradeoff between safety
and hygienic risk, color and taste, was then applied to define process and formulation enabling shelf-life exten-
sion. In the resulting operating window, one condition was experimentally assayed on naturally contaminated
RTC products to validate the multi-criteria approach. As a conclusion, the framework was validated; it was pos-
sible to extend the shelf-life of an RTC poultry product containing 1.8% (w/w) lactate by one week, despite slight
color alteration. This approach could be profitably implemented by food processors as a decision support tool for
shelf-life determination.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Poultry meat is highly perishable as spoilage in raw chicken may
occurwithin a couple ofweeks following slaughtering, under refrigerat-
ed storage (Lin et al., 2004). Further steps like mincing and mixing, cur-
rently used for some processing ready-to-cook (RTC) poultry products
even more shorten the shelf-life.

During the entire shelf-life, food products have to be safe and guar-
anteed for a defined and acceptable quality under expected (or speci-
fied) conditions of distribution and storage. Shelf-life determination of
, Route de Gachet, CS 40706, F-

uillou).
RTC products is an important issue for food manufacturers since they
have to address the market constraints for longer shelf- life, the need
for safety required by regulations and the need for quality required by
consumers. For this purpose, they have to comply with legal require-
ments, i.e. i) safety and ii) hygienic criteria (Directive 2000/13/EC and
Regulation 2073/2005) but also with iii) organoleptic considerations
(FAO/WHO, 2004). They usually do experimental challenge-tests but
do not use quantitative tools on a regular basis, except maybe for
assessing compliancewith safety criteriawhere predictivemicrobiology
software is available. In the literature dealing with shelf-life extension
or determination, there is no quantitative assessment based upon a
multi-criteria framework combining the three above criteria. For exam-
ple, Pereira et al. (2015) evaluated the shelf-life of sliced Portuguese tra-
ditional blood sausage without the use of predictive modeling. In the
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approach followed byMantilla et al. (2012), the influence of gamma-ir-
radiation on the shelf-life of poultry breast fillets conditioned under
modified atmosphere was investigated by successively considering the
time-to-reach 7 log cfu/g heterotrophic aerobic mesophilic bacteria
and the detrimental effects of the treatment on color and sensory as-
pects. The only study applying multi-criteria framework to food micro-
biology, dealt with foodborne risks by considering health, social and
market impacts in the objective of prioritization of foodborne risks
(Ruzante et al., 2010).

The increasing consumer demand for healthier formulations of meat
products, results in a strong tendency of reducing and even removing pre-
servatives and additives in food, such as lactate (Wilcock et al., 2004).
High hydrostatic pressure (HHP) represents an innovative alternative ap-
proach likely to be used to offset reduction of preservatives. It enables in-
activation of foodborne pathogens and spoilage microorganisms while
limiting detrimental effects on nutritional and organoleptic qualities of
food (Hayman et al., 2004; Patterson, 2005; Simonin et al., 2012).

In a previous study, a HHP treatment step added in an existing pro-
cesswas shown to improve the safety of anRTCpoultry product (Lerasle
et al., 2014). It enabled the build-up of exposure assessment models as-
sociated with Listeria monocytogenes and Salmonella in an RTC HHP-
processed poultry product. The objective of the present study was,
with the same product and process, to investigate the possibility of ex-
tending the shelf-life and/or removing lactate from the current product
formulation by applying HHP. For this purpose, a multi-criteria frame-
work combining safety, hygienic and sensorial quality was developed,
taking advantage of the models previously developed for L.
monocytogenes and Salmonella to cover the safety part. Besides, chal-
lenge-tests were performed to build the exposure assessment model
of Escherichia coli in an RTC HHP-processed poultry product associated
with the hygienic part. Lastly, the third criterion associated with the or-
ganoleptic quality was determined by sensory analysis and color mea-
surements. Combining the three domain-associated results, a tradeoff
between quantitative safety, hygienic and sensorial criteria was devel-
oped for an extended shelf-life 1) to determine process parameters sat-
isfying all criteria and 2) experimentally test a suitable HHP treatment
in order 3) to ultimately validate the multi-criteria framework.

2. Materials and methods

2.1. Overview of the multi-criteria framework

The study was performed with the same product as in the previous
study of Lerasle et al. (2014), i.e. RTC poultry meat composed with tur-
key meat (79%), pork fat (11%), spices (b0.1%) and water (10%) provid-
ed the day after packaging under modified atmosphere.

A multi-criteria framework combining safety (S), hygienic (H), and
organoleptic criteria (O) was used to determine the HHP parameters
(pressure intensity and duration) necessary to fulfill the criteria defined
below for an extended shelf-life (Fig. 1).

Salmonella and L. monocytogenes were selected as safety indicators
(Lerasle et al., 2014) whereas E. coli, defined as a hygienic indicator by
EU recommendation No. 2073/2005, was accordingly chosen as such
for assessing the hygienic quality of the poultry product.

The three criteriawere quantitative. The two first ones represented a
maximum contamination level, at the end of the shelf-life of one or sev-
eral selected microbial indicators: Nupperlimit. Nupperlimit could be assimi-
lated to a PO (Performance Objective) set in the context of the food
safety management framework by ICMSF (2002). The decision making
associated to these two criteria consisted in determining the set of com-
binations of pressure intensity and duration enabling the minimization
of these criteria below the set maximum levels, i.e. Nupperlimit, with and
without lactate addition (1.8%). Nupperlimit was adapted from tomicrobi-
ological criteria of the foodstuffs defined by the Commission Regulation
(EC) No 2073/2005, i.e. 100 cfu/g for L. monocytogenes in ready-to-eat
foods able to support its growth, and 0.04 cfu/g (absence in 25-g) in
minced meat and meat preparations made from poultry meat intended
to be eaten cooked for Salmonella, and 5000 cfu/g in meat preparations
for E. coli.

The decision was derived from the distributions of the contamina-
tion levels. The notion of acceptable risk does not really exist for micro-
biological risk (Hunter and Fewtrell, 2001). However, in canned
products, the rate of spoilage of one spore per 10,000 units is considered
as a tolerable level (CCFRA, 1977). Hence in our study, it was considered
that the risk of 1/10,000 i.e. 0.01% that E. coli exceeds 5000 was reason-
able whereas a more stringent criterion of 1/100,000, i.e. 0.001% was
chosen for the risk associated with safety criteria non compliance.

Hence criteria were fulfilled when:

P(NSL b Nupperlimit) N 99.99% for hygienic criteria,

P(NSL b Nupperlimit) N 99.999% for safety criteria

The distributions of the contamination levels of Salmonella, L.
monocytogenes and E. coli at the end of the shelf-life, NSL, as a function
of HHP and chilled storage conditions (treatment duration and intensi-
ty, lactate concentration, storage duration and temperature) were esti-
mated by using exposure assessment models. For L. monocytogenes
and Salmonella exposure assessment models previously built were
used (Lerasle et al., 2014). Their modular structure included prevalence
data of 100-kg batches stored at 4 °C obtained from factories and influ-
ence ofmixing, partitioning, HHP and chilled storage steps on RTC prod-
uct contamination levels.

Regarding E. coli, the exposure assessment model had to be built by
using new data: first, data from factories to determine the initial con-
tamination level of E. coli in RTC products, second, experimental chal-
lenge-test data to model the influence of HHP and lactate
concentration on the contamination level of E. coli, were generated.

Next, by running the probabilistic models, operational HHP process
windows enabling respectively to fulfill safety criteria (S) and hygienic
criteria (H) were drawn as a function of the shelf-life duration, lactate
concentration and HHP conditions.

Besides, colormeasurements, sensory panel scores and a discrimina-
tion test were used to delimit an acceptable operational HHP process
window (O). It was defined by HHP conditions that were shown not
to produce significant change/damage of the product, which is generally
performed in the case of new product development.

A risk-risk tradeoff framework was then conducted to examine the
possibility of lactate removal from the current product formulation or
at least to enable the extension of the current shelf-life in presence of
lactate. Under the selected conditions, all resulting operational win-
dows were superimposed to draw a restricted window for which all
criteria were met.

Ultimately, a HHP treatment was then selected inside the resulting
operational window for validation of the multi-criteria framework;
the experiment was performed on naturally contaminated products.

2.2. High pressure treatment

Two-hundred gram meat samples were high pressure-treated in a
50-L horizontal high pressure pilot unit (ACB pressure system, Nantes,
France) under the same conditions as previously described (Lerasle et
al., 2014). The samples previously held at 4 °C during storage were
inserted into the pressurizing chamber filled with water at 15 ± 1 °C
and exposed to HHP. During HHP treatment, the product temperature
in the pressure chamber increased because of the adiabatic heating,
without however exceeding 10.5 °C.

2.3. Microbiological analyses

For challenge-tests and validation experiments, samples were ana-
lyzed one day minimum at 4 °C after HHP, a period of time favoring
the repair of injured cells before performing microbiological analyses.



Fig. 1. General framework for shelf-life optimization. [Lac]: lactate concentration; SL: Shelf-Life; HPi: High Pressure intensity; HPd: High Pressure duration; HHP: High Hydrostatic
Pressure; S: Safety; H: Hygienic; O: Organoleptic.
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For this purpose, 10 g of meat were withdrawn aseptically from the
200-g portion and added to 90 mL sterile peptone water (Biokar,
France) in a sterile plastic bag with a filter (Bagpage R, Interscience,
France). After homogenization for 60 s in Stomacher blender (Bagmixer
400P, Interscience, France), serial dilutions in peptone water were
spread in the appropriate culture medium in order to enumerate the
targeted microbial flora.

In the challenge-tests study, E. coli was enumerated on pressurized
and unpressurized samples one day after HHP and for each follow-up
storage point (Section 2.4.2). E. coli counts were evaluated by pour
plate technique with 1 mL of appropriate dilutions cultured on non-se-
lective medium Tryptic Soy plus 0.6% Yeast Extract count Agar (TSYEA,
Oxoid). All plates were incubated at 37 °C for 24 h in duplicate.

For validation experiments, E. coli, L. monocytogenes, Salmonella and
lactic acid bacteria (LAB)were enumerated on the control at the current
shelf-life of 15 days and on the pressurized product at two storage
points beyond the current shelf-life. E. coli counts were evaluated by
pour plate technique with 1 mL of appropriate dilutions and cultured
on selective culture medium Tryptone Bile X glucuronide (TBX,
Oxoid). All plates were incubated at 37 °C for 24 h in duplicate. LAB
counts were determined on Man Rogosa Sharp medium (MRS, Biokar).
All plates were anaerobically incubated at 30 °C for 48 h in duplicate.
Detection in 25 g and enumeration of L. monocytogeneswere performed
according the method ALOA One Day® AFNOR N° AES 10/3–09/00 cer-
tified NF validation (NF EN ISO 11290). Detection in 25 g and enumera-
tion of Salmonella were assayed by using the method IRIS® AFNOR N°
BKR 23/07–10/11 certified NF validation (NF EN ISO 6579). Quantitative
results were expressed in log cfu/g of meat; the detection limit was
10 cfu/g.
2.4. Challenge-test experiments and prediction of E. coli contamination level

In order to determine the contamination level of E. coli at the end of
the shelf-life, a modular probabilistic model was built. The model was
divided into as many modules as processing steps: i) reception of raw
meat materials, mincing, mixing meat and spices into 100-kg meat
batches and then the addition of lactate, ii) partitioning and packaging
into 200-g modified atmosphere packs, iii) high pressure treatment of
the meat, and iv) storage in chilled conditions until the end of the
shelf-life. The first two modules were built on data and knowledge
from factories in France (Section 2.4.1.). On the other hand, the third
and fourth modules were built using data from an experimental design
carried out in our laboratory (Section 2.4.2.).

2.4.1. Initial contamination level of E. coli
The first step, “reception of rawmeat materials”was built by apply-

ing the function fitdistcens (fit distribution package of R software) on
563 quantitative counts of E. coli collected from nine sampling cam-
paigns in various factories (Delignette-Muller et al., 2014). The dataset
included 15% of censored data. The best fit was obtained with the Nor-
mal distribution of the log counts.

2.4.2. Contamination level of E. coli along the processing steps
For the second step “mixing and partitioning into 200-g packs”, the

contamination level of the 200-g meat pack, N200, was deduced from
the level in the batch, by considering that the average storage duration
of 1 h at 4 °Cwas not long enough to enable E. coli growth. The third and
fourth steps “high pressure treatment of the meat” and “storage in
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chilled conditions until the end of the shelf-life” were both built using
an experimental design carried out in our laboratory. Details are provid-
ed below.

The effect of HHP and potassium lactate on E. coli inactivation was
evaluated according to a Latin square design (4 × 4): pressure at 300,
400, 450 and 500 MPa, holding time of 2, 6, 10 and 14min and potassi-
um lactate concentrations of 0, 0.9, 1.8 or 2.7% w/w (Table 1).

Unpressurized inoculated meat samples with the formulation of the
current product (1.8% (w/w) lactate) were considered as controls.

After HHP, samples intended for immediate influence of HHP were
analyzed the next day (t = 1d). The other ones were held at 8 °C to
monitor E. coli regrowth after HHP (t = 6, 7, 9, 12, 14, 16, 19, 22 and
26 days). For each follow-up point during the 26 days of chilled storage,
samples were withdrawn and microbiological analyses were per-
formed. The temperature of 8 °C was chosen as the most cautious con-
dition in favor of higher growth of E. coli. Because of high biological
variability, the experimental design was duplicated, which increased
the number of samples to 340 (320 high pressure-treated and 20 un-
pressurized samples used as controls). The duplicated plans were
experimented at one week interval.

2.4.2.1. Escherichia coli strains and culture conditions. The three strains of
E. coli (plt01, plt02, plt03) selected in this study had been isolated from
poultrymeat associatedwith non compliancewith hygiene requirements
Table 1
Inactivation of E. coli induced by HHP and its regrowth during storage at 8 °C.

HHP treatment E. coli post-HHP
data counts
(log cfu/g)

E. coli growth data counts (log cfu/g)

Pressure
(MPa)

duration
(min)

% lactate
(w/v) t = 1d ΔlogHHP t = 6d t = 7d t = 9d t = 12d t =

NT 0 1.8 4.9 0 5.8 5.3 5.6 5.3 5.2
0 1.8 5.2 0 5.9 5.9 5.8 5.6 5.9

300 2 0.9 4.8 −0.1 4.5 4.3 4.9 5.2 5.0
2 0.9 3.9 −1.3 4.3 4.5 4.5 4.9 5.0
6 0 3.9 −1.0 3.9 3.9 4.3 4.6 4.9
6 0 2.0 −3.2 3.2 2.4 2.6 3.2 3.1

10 2.7 4.5 −0.4 4.7 4.7 4.8 4.9 5.5
10 2.7 4.0 −1.2 4.1 4.3 4.2 4.2 4.3
14 1.8 2.9 −2.0 2.9 3.2 2.9 3.1 3.0
14 1.8 2.9 −2.2 3.1 3.0 3.1 3.1 3.3

400 2 2.7 4.7 −0.1 4.6 4.7 3.5 4.4 4.2
2 2.7 4.3 −1.1 4.4 4.5 3.9 4.5 4.2
6 1.8 3.4 −1.5 2.6 3.8 3.4 3.1 3.0
6 1.8 3.5 −2.7 2.2 2.2 2.7 2.7 3.0

10 0.9 1.7 −3.2 1.7 1.7 2.0 1.7 1.7
10 0.9 1.7 −3.5 2.0 1.7 2.0 2.2 1.7
14 0 1.7 −3.2 1.7 1.7 1.7 1.7 1.7
14 0 1.7 −3.5 1.7 1.7 2.0 1.7 1.7

450 2 1.8 3.2 −1.7 3.0 2.5 3.5 2.9 2.9
2 1.8 2.4 −2.8 2.5 2.9 1.7 2.5 2.7
6 0.9 2.5 −2.3 2.5 2.2 1.7 2.2 1.7
6 0.9 2.3 −2.9 1.7 1.7 2.0 2.3 2.5

10 0 1.7 −3.2 2.7 1.7 2.2 1.7 1.7
10 0 1.7 −3.5 1.7 1.7 1.7 1.7 1.7
14 2.7 3.3 −1.6 3.2 3.8 4.5 2.7 2.8
14 2.7 3.0 −2.1 3.3 2.9 3.1 3.1 3.2

500 2 0 1.7 −3.2 1.7 1.7 1.7 1.7 1.7
2 0 2.2 −3.0 1.7 1.7 2.2 2.2 1.7
6 2.7 1.7 −3.2 2.0 1.7 2.3 1.7 2.4
6 2.7 1.7 −3.5 2.2 2.0 2.7 1.7 1.7

10 1.8 2.5 −2.3 2.5 2.2 1.7 2.0 2.2
10 1.8 1.7 −3.5 1.7 1.7 2.6 1.7 1.7
14 0.9 1.7 −3.2 1.7 1.7 1.7 1.7 1.7
14 0.9 1.7 −3.5 1.7 1.7 2.2 1.7 2.2

Poultry meat samples were inoculated at 105 cfu/g and submitted to high pressure according to
day after (t=1d), then placed at 8 °C for chilled storage. NT represents Non Treated samples us
N1d). ForΔlogstorage N 0.5 (in bold), growthwasmodeled using the Rossomodel (1995). NDwas
curve shape.
(EU recommendation No. 2073/2005). For each strain, 100 μL of a stock
culture stored in brain heart infusion (BHI, Biokar) containing 20% glycer-
ol at−80 °Cwas transferred on TSYEA and incubated at 37 °C for 24h. For
each strain, a loopful was transferred from the TSYEA plate to 50 mL of
Tryptic Soy Broth (TSB, Oxoid). Cultures were then incubated at 37 °C
for 18 h under agitation until stationary phase and centrifuged at
4000 g at 4 °C for 10 min. The pellets were resuspended in equivalent
amounts of sterile physiological water and mixed to give the cocktail of
three E. coli strains used for challenge-tests.

2.4.2.2. Challenge-tests. Two-hundred gram meat portions aliquoted in
sterile plastic bags were first frozen at−20 °C in order tominimize sen-
sorial alteration, then sterilized by ionization at 12 kGy (IONISOS, Sablé-
sur-Sarthe, France) and maintained frozen until use. They were then
thawed at 4 °C during 24 h. Inoculation of the cocktail of E. coli strains
to a final concentration of 105 cfu/g was performed by kneading the
bags for 2 min after the addition of 1 mL suspension in 200-g meat por-
tions (inoculation rate of 0.5%). Inoculated meat was then vacuum-
packed and held at 4 °C overnight and randomly treated by high pres-
sure by batches of 10.

2.4.2.3. Modeling E. coli HHP-inactivation and regrowth. E. coli inactivation
and subsequent growth kinetics were quantitatively analyzed from
challenge-test data to build primary and secondary models of HHP-
Growth modeling

14d t = 16d t = 19d t = 22d t = 26d Δlogstorage μmax (d−1
) λ (d) R2

5.4 5.5 5.3 5.2 0.3
5.8 5.4 5.4 5.5 0.4
5.3 5.4 5.2 5.2 0.5 0 0
5.4 5.7 5.7 5.4 1.6 0.264 0 0.940
5.4 6.3 6.0 6.6 2.8 0.360 6.60 0.959
3.5 4.7 4.7 6.3 4.3 0.384 4.04 0.882
5.9 6.1 6.5 6.9 2.5 0.326 7.72 0.978
4.3 4.4 4.5 4.3 0.3 0 0
2.9 3.2 2.9 3.0 0.1 0 0
3.0 3.2 3.3 4.3 1.4 ND ND 0.537

Mean μmax ± sd = 0.17 ± 0.181
4.5 4.5 4.6 4.5 −0.3
3.9 3.9 4.1 4.2 −0.2
3.2 3.1 3.0 3.2 −0.2
2.5 2.7 2.2 2.9 −0.6
1.7 1.7 1.7 2.2 0.5
2.0 2.0 2.9 2.7 1.0 ND ND 0.582
1.7 2.0 1.7 2.5 0.8 ND ND 0.085
1.7 1.7 1.7 2.0 0.3
3.0 3.0 3.1 2.4 −0.8
2.3 1.7 2.5 4.3 1.9 ND ND 0.087
2.2 2.3 2.0 2.0 −0.5
2.7 2.2 2.0 2.4 0.1
1.7 1.7 1.7 1.7 0.0
2.2 1.7 1.7 1.7 0.0
2.7 3.7 2.0 3.8 0.5
2.7 3.2 2.7 2.7 −0.3
2.2 2.0 1.7 2.0 0.3
1.7 1.7 1.7 1.7 −0.5
1.7 1.7 2.3 2.2 0.5
1.7 1.7 1.7 2.7 1.0 ND ND 0.008
2.4 2.2 2.2 2.0 −0.5
1.7 2.2 2.2 1.7 0.0
1.7 1.7 2.2 1.7 0.0
1.7 1.7 1.7 1.7 0.0

a duplicated Latin square plan, then placed at 4 °C until plate counts were performed the
ed as controls.ΔlogHHP represents (log N1d – log NNT).Δlogstorage represents (log N26d – log
noted in italicwhen no growthdefinitely occurredwhile considering lowR2 (b0.8) and the
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induced inactivation and the growth model. In contrast with
L. monocytogenes and Salmonella in the study of Lerasle et al. (2014),
the Weibull model did not give satisfying results while modeling
HHP-inactivation of E. coli (data not shown). Therefore the primary
model used was adapted from the log linear model with tail (Eq. (1))
performed by Hereu et al. (2012) for the modeling of HHP-induced in-
activation of L. monocytogenes in Ready To Eat (RTE) products

log Nð Þ ¼ log 10log N0ð Þ−10log Nresð Þ
� �

� e‐kmax�t þ 10log Nresð Þ
h i

ð1Þ

where N, the microbial population after t duration (min), N0, the initial
microbial population and Nres, the residual microbial population, were
expressed in cfu/g, and kmax, the inactivation rate in min−1.

The model of Hereu et al. (2012) was adapted to determine the mi-
crobial reduction as a function of the maximum expected microbial
population reduction, Δ = Nres/N0 (Eq. (2)):

log Nð Þ ¼ log N0ð Þ þ log 1−Δð Þ � exp ‐kmax � tð Þ þ Δ½ � ð2Þ

In Eq. (2), log (N0) was calculated as the mean value of raw data at
t=0, it equaled 5.01. Therefore, there were only two estimated param-
eters: kmax and Δ. A first secondary model was set to assess whether
the two parameters were dependent on high pressure intensity (HPi).
Only the inactivation rate, kmax, was found to be significantly influ-
enced by HPi (P b 0.05) (data not shown). Therefore, the secondary
model was simplified as follows (Eq. (3)):

log kmaxð Þ ¼ bþ HPi–MeanHPið Þ � a ð3Þ

In Eq. (3), MeanHPi is themean of HPi; MeanHPi = 415MPa.When
HPi equals MeanHPi, b equals log(kmax): b = b is expressed in log
min−1; a is expressed in MPa−1.

Primary (Eq. (2)) and secondary modeling (Eq.(3)) were simulta-
neously run to predict log (N) as a function of HPi and treatment dura-
tion (HPd), as recommended by Van Derlinden et al. (2008) to have
accurate parameter estimates. To sum up, the variables to conservative
adjust were: Δ, a and b.

Model performance procedure was performed using R software
(Team, 2010). The “nls” function was used for conducting nonlinear re-
gression, and thenumerical process for parameter estimationwas based
on the Gauss-Newton algorithm. R package, “nlstools,”was used to test
the significance of the model parameters and the correlation matrix
provided as supplementary materials.

For all post-HPP growth kinetics, a quantitative criteria Δlog was cal-
culated from the difference between the concentration of E. coli cells at
the end of the 26-d chilled storage period and its concentration just
after HHP treatment (Δlogstorage = log N26d – log N1d) (Table 1). It was
considered that when Δlog was below 0.5, no growth occurred at 8 °C.
For kinetics with Δlog ≥ 0.5, growth was modeled using the Rosso
model (Rosso, 1995) with the determination of lag phase duration (λ),
maximum specific growth rate (μmax), logarithm of maximum popula-
tion density (log(X∞)) and initial population density log(X0) (Eq. (4)).

X ¼ X0 if tbλ
X ¼ X∞= 1þ X∞=X0ð Þ‐1ð Þ: exp ‐μ max t‐λð Þð Þ½ � if tNλ ð4Þ

Parameter estimation was also run in R with the nls function.
We considered that R2 ≥ 0.8 attested for an acceptable fit of the

model, otherwise, μmax was set to zero. At HPi equals or higher than
400 MPa, no growth was observed. At 300 MPa, linear regressions
were performed to study the influence of lactate and pressure intensity
on maximum specific growth rate and lag phase durations. With the
number of observations available, neither the maximal growth rate
nor the lag phase duration were found to be influenced by lactate con-
centration and treatment duration (data not shown). In the subsequent
probabilistic model, at 300 MPa, μmax was implemented as a Normal
distribution with mean μmax calculated from growth curves subsequent
to 300-MPa treatments: μmax ~ N(mean μmax; sd μmax). At pressures
above 300 MPa, μmax = 0.

Hereunder, the models, i.e. initial contamination model (Section
2.4.1), HHP-inactivation model (Section 2.4.2.3), regrowth model
(Section 2.4.2.3) were incorporated into the probabilistic model of expo-
sure (Table 2).

2.5. Probabilistic model implementation

Resulting from the four steps described above, a probabilisticmodel of
E. coliwas built to estimate the distribution of the contamination level of
E. coli at the end of the shelf-life (Table 2). Similar exposure assessment
models of L. monocytogenes and Salmonella previously developed were
used to estimate the distribution of the contamination level of
L. monocytogenes and Salmonella (Lerasle et al., 2014). For the three mi-
croorganisms, the different scenarios were run with varying HPi from
300 to 500MPa, andHPd from0 to 15min, lactate concentration (current
concentration, i.e. 1.8% (w/w) or at 0%) and storage time (current shelf-life
of 15 days to 26 days). The chilled storage temperature was defined ac-
cording to the French norm NF V01–003 on shelf-life studies of chilled
perishable and highly perishable food (AFNOR, 2010). Accordingly, the
temperature was set at 4 °C for the first two-third of the shelf-life dura-
tion, then to 8 °C for the last third of the period (4 °C (2/3 SL) and 8 °C
(1/3 SL)). As a worst case, during storage, for E. coli, maximal growth
rate was assumed to be the same for a chilled storage performed entirely
at 8 °C as for the two-step storage (2/3 at 4 °C and 1/3 at 8 °C) and, as a
conservative choice, lag was set at 0.

All models implemented in the Excel add-in @Risk (version 6.0, Pal-
isade, Newfield, NY) were run using the Monte Carlo simulation tech-
nique. For each step of the models, the outputs were the probability
distribution of the contamination level. According to the probability
theory, the cumulative distribution function F(x) gives the probability
that the variable X is less than or equal to x (Vose, 2008): F(x) =
P(X ≤ x). It can also be defined as the probability for which the microbi-
ological criteria x is fulfilled. The prevalence rate was deduced from
F(0): Prevalence =1 − F(0) = 1 − Pr(X ≤ 0) with X the quantity in
the 200 g portion.

For each simulation associated with one scenario, 1 million itera-
tions were generated. One iteration corresponded to one 200-g minced
meat portion going through a given scenario.

2.6. Sensory analysis

2.6.1. Triangle test
Two-hundred gram rawpoultrymeat sampleswere pressurized into

4 batches of 18 samples at 300 and 500 MPa for 5 min or untreated (72
samples each). Previously to sensory analysis, samples were paned for
10 min on each face and kept warm in an oven at 100 °C before con-
sumption. A triangle test was performed to examine if panelists were
able to differentiate high pressure-treated samples from controls.
Three tests were randomly proposed to each judge of an untrained
panel of 24 people in order to compare two by two, 300-MPa versus con-
trol samples, 300-MPa versus 500-MPa samples and 500-MPa versus
control samples. After smelling and tasting in the order specified, the
panelists were then asked to identify which sample among the three
coded ones was different from the two others. For interpretation of
the triangle test, the binomial distribution was used to test the null hy-
pothesis that the number of correct responses was smaller or equal to
the probability of giving the correct answer (pc) by chance of 1/3.

The probability that the x correct responses corresponded to a sen-
sory difference between the samples is calculated as below:

P XNxð Þ ¼
Xn
i¼x

Cn
i � pci � 1−pcð Þn−i−Cn

x � pcx � 1−pcð Þn−x ð5Þ



Table 2
Detailed overview of the probabilistic model for exposure to E. coli.

Module Variable Description Unit Distribution/models (@risk notation) and assumptions/references Data

① Initial
contamination
level of 100-kg
meat batches

n25 Concentration of bacteria in
25-g samples contaminated by
E. coli for each sampling
campaign

log
cfu/g

Based on dataset of
563 log counts of E.
coli collected in this
study

M25, s25 The average concentration of
bacteria and standard error in
25-g samples contaminated by
E. coli

log
cfu/g

M25 = 1.69
S25 = 0.72
F25 = RiskNormal(M25, s25)

F25 Frequency distribution of E. coli
② Partitioning
and packaging

N200 Concentration of bacteria in a
200-g packs

cfu/200
g

N200 = RiskPoisson(10^F25. 200)

Prevpacks Prevalence: number of
contaminated packs

% Prevpacks = (1 − RiskTarget(N200;0)) · 100

③ High Pressure
treatment

Log linear model with tail (Hereu et al. 2012): HHP-inactivation
data from Latin
square design
performed in this
study

log R Bacterial log decimal reduction
Nres, residual bacterial
concentration cfu/g; kmax,
inactivation rate
t, HHP duration (min)

log R = log[(10log(N0) − 10log(Nres)).exp(−kmax.t)+10log(Nres)] − log(N0)

log(kmax) = b + a. (HPi − MeanHPi) (No effect of lactate concentration on
inactivation)

PrHP Probability of bacteria to
survive HHP

PrHP = 10−logR

Npost-HP Concentration of bacteria
surviving to HHP

cfu/200
g

Npost-HP = RiskPoisson(N200 . PrHP)

PrevHP Number of contaminated packs
after HHP

% PrevHP = (1 − RiskTarget(Npost-HP;0)) · 100

④ Storage μmax Distribution of maximal growth
rate of E. coli during storage at
8°C in case of growth
occurrence

d−1 μmax = RiskNormal (Mean μmax; sd μmax) (No significant effect of HPi and
lactate)

Regrowth data
from Latin square
design performed
in this study

Mμmax

sd μmax

The average μmax among
growth curves following
300-MPa HHP treatments and
standard error

d-1

tstorage Time of storage d
logNSL Concentration of E. coli cells at

the end of the set shelf-life
log
cfu/200
g

logNSL ¼ logNpost−HP þ μ ;max :tstorage if HPi≤300 MPa ðNo growth after
logNSL ¼ logNpost−HP if HPi N300 MPa application of HHP

above 300 MPaÞ

8<
:

PrevSL Number of contaminated packs
after storage

% PrevSL = (1 − RiskTarget(NSL;0)) · 100

P(X ≤
Nupperlimit)

Probability that the
concentration of E. coli is below
the criterion Nupperlimit in 200-g
packs

% P(X≤Nupperlimit) = (RiskTarget(PrevSL; Nupperlimit.200)) · 100
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For n = 24 assessors, the number of the correct responses, x, has to
be above 13 so that the riskα=1− P(X N x) that these responses were
given by chance is b0.05 (ISO, 2004).

2.6.2. Descriptive sensory analysis
The descriptive sensory analysis was conducted by a semi-trained

panel of minimum 10 assessors (Heymann et al., 2012) with previous
experience in sensory evaluation of various meat products and particu-
larly of these products. The generation of the descriptors for the meat
was carried out by the assessors with a non-structured scoring scale
(0: absence; 10: high intensity). Two-hundred gram meat coded sam-
ples pressurized or not were randomly presented to the assessors to
be given a rate for every descriptor. Ratings were then averaged and
eventually assigned a negative sign for descriptors having a negative
impact on the product quality. Each assessor was asked to rate one
treated and one untreated samples.

For the determination of the organoleptic window, samples were si-
multaneously pressurized at 300 MPa during 5 min or 500 MPa during
5 min or unpressurized (control). Sensory analysis was performed the
day after HHP by 10 assessors.

For the validation experiment, the panel was constituted of 23
judges for better evaluation. Samples were pressurized at the set
HHP conditions to be validated, or not pressurized for controls then
stored at 4 °C respectively for two-third of the extended or current
shelf-life and for the remaining time at 8 °C. Sensory analysis was
performed 2 days before the targeted extended shelf-life with L.
monocytogenes counts available for pressurized samples. For controls,
it was performed at the current shelf-life of 15 days. Additionally, an ac-
ceptance test was performed after cooking on products whose shelf-life
had to be validated.
2.6.3. Color analysis
Instrumental color (CIE L*, a*, b*; CIE, 1976) was measured on

the surface of poultry meat using a Minolta spectrophotometer
CM-3500d (Konica Minolta, Japan). Measurements were made the
day of HHP on five points inside an 8-mm diameter measurement
area defined by a target mask. Three color indices were obtained:
L* (lightness), a* (redness) and b* (yellowness) values. Measure-
ments were performed in duplicate on unpressurized (controls)
and HHP-treated 200-g meat portions for 5 min at 200, 300 and
400 MPa.

Statistical analysis of color measurements and descriptive analysis
was performed by analysis of Variance, Fisher's Least Significant Differ-
ence (LSD) carried out with the XLSTAT 2014 statistical package
(Addinsoft, France).
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2.7. Validation experiments

Once a new shelf-life (longer than the current one set of 15 days)
was suggested by combining the three criteria, a validation was per-
formed. For validation, naturally contaminated meat samples were
used to get rid of the hypothetical bias related to the ionization and
the inoculation procedures. For practical purposes, samples were first
frozen at−20 °C, then allowed to thaw at 4 °C 48 h before pressuriza-
tion. The core temperature of the products was checked before pressur-
ization and found to be 3 °C ± 0.2 °C. All samples were pressurized the
sameday. The current (unpressurized) product at the end of the current
shelf-life (15 days) considered as the control was used as a basis for
comparison with the pressurized product with extended shelf-life. Ac-
cordingly, safety, hygienic and organoleptic criteria were determined
on the control at the current shelf-life and on the pressurized product
at the extended shelf-life. According to the microbiological criteria
established by French Trade and Retail Federation, the concentration
of LAB should be below 107 cfu/g at the end of the shelf-life (FCD,
2010). Therefore, in addition to the selected hygienic (E. coli) and safety
indicators (Salmonella and L. monocytogenes), LAB were also enumerat-
ed. The validationwas performed on six different batches of the current
product containing 1.8% lactate produced at two seasonal periods. After
pressurization or not, samples were stored as follows: two-third of the
extended shelf-life at 4 °C and the remaining third at 8 °C. Five replicates
were used by batch and by storage point.

3. Results

3.1. Probabilistic assessment model of E. coli

3.1.1. Estimation of initial contamination by E. coli: N200

Thefirst step enabled to determine the initial contamination of E. coli
in 200-g samples, N200. Themean contamination level was estimated to
1.69 log cfu/g (Table 3). Before storage, the probability that the concen-
tration of E. coli in 200-g portions is b5.103 cfu/g, was found to be
99.74%. As a consequence, under the current conditions (1.8% lactate
in the product formulation, shelf-life of 15 days), it appeared that the
hygienic criterion was not fulfilled at a frequency of 0.26% even at the
beginning of the storage. Therefore, the application of high pressure
was required to achieve better hygienic quality of the final product,
whether it contained lactate or not.

3.1.2. Estimation of E. coli contamination following HHP: Npost-HP

Inactivation of E. coli induced by HHP treatment is shown in Table 1.
Data were analyzed by applying simultaneously primary and secondary
models. The model error was found to be 0.5 log cfu/mL, which is com-
patible with commonly accepted formicrobiological experimental error
(Pujol et al., 2012). The parameters of the model were shown to be sig-
nificant (P b 0.05) (Table S1 in supplementary materials). Themean pa-
rameter values and 95% confidence intervals (CI) of the model were as
follows:

Δ ¼ 1:06� 10−3 CI 4:6� 10−4−1:7� 10−3
� �

; adimensional;

a ¼ 5:9� 10−3 MPa−1 CI 4:5� 10−3−7:3 � 10−3 MPa−1
� �

and

b ¼ 0:13 logmin−1 CI 0:019−0:23 logmin−1
� �

:

Furthermore, the parameters of the model were shown not to be
correlated (r ≤ 0.5) (Table S2). The comparison of observed versus fitted
contamination levels of E. coli after application of HHP (Fig. S1) and ex-
pression ofmodel residuals as a function of HPi andHPd did not identify
any significant bias in the model (Fig. S2).

To make some comparisons with linear models, kmax can be related
to the reverse of the decimal reduction timeD (D=2.303/kmax). Conse-
quently, the reverse of the slope, a, in Eq. (2), can similarly be related to
ZHP, the pressure increasewhich provides one-log reduction of D. In this



Fig. 2. Operational windows regarding E. coli criteria for a shelf-life (SL) equal or above
15 days during a chilled storage sequentially at 4 °C for 2/3 SL and 8 °C for 1/3 SL with
1.8% (w/w) lactate or without lactate addition. The operational window defines the set
of combinations of HP intensity and duration enabling to fulfill the hygienic criteria, i.e.
the probability that the concentration of E. coli in 200 g portions below 5.103 CFU/g
exceeds 99.99%. It is defined by the area above the dashed line.
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context, ZHP was found to be 170 MPa and Dwas found to be 8, 2, 1 and
0.5 min respectively at 300, 400, 450 and 500 MPa.

Using the HHP-induced inactivation model, it was then possible to
predict the contamination level of E. coli after application of HHP,
Npost-HP, at various HPd and HPi. For instance the application of
350 MPa for 5 min was sufficient to bring to 99.99% the probability
that the concentration of E. coli in 200-g units to be b5.103 cfu/g. The
prevalence of E. coli following this treatment was found to be 99.89%
and its concentration, 0.45 log cfu/g (Table 3).

3.1.3. Estimation of E. coli contamination at the end of the shelf-life: NSL

The last step of themodel was to assess the behavior of E. coli, during
the storage in chilled conditions until the end of the shelf-life. Results
from growth experiments are described in Table 1. For unpressurized
samples, no growth of E. coli occurred during storage at 8 °C, i.e.
Δlogstorage b 0.5 (Table 1). For most pressurized samples, no growth oc-
curred either during chilled storage. Results of lag phase duration (λ),
maximum specific growth rate (μmax) estimated for samples in which
Δlogstorage N 0.5, are reported in Table 1. At last, growth was shown
only to occur in some samples (4 out of 8) treated at 300MPa.Moreover
no statistical analysis could attest for a lactate effect on E. coli growth
(data not shown).

Consequently, it was considered that after a 300-MPa high pressure
treatment, regardless of the treatment duration and whether lactate
was added or not, growth of E. coli occurred at 8 °C with a mean maxi-
mal growth rate mean μmax 0.17 d−1 and standard error of 0.181
(Table 1). In the model of E. coli growth after a 300-MPa treatment, as
a worst case, the lag was set to zero (conservative assumption) and
μmax calculated fromkinetics performed at 8 °Cwere used for the chilled
storage. As E. coli did not grow in unpressurized samples and was ob-
served only to grow in half of the samples pressurized at 300 MPa and
in none of the samples pressurized at HPi equal or above 400 MPa, it
was assumed that no growth would neither occur between 300 and
400 MPa.

3.2. Operational window for hygienic criteria

The level of E. coli at the end of the shelf-life was estimated using the
probabilistic model developed in the previous section. The probabilistic
modelmade the hypothesis of E. coli growth after a 300-MPa treatment.
Under this assumption, even a HPd of 20 min of 300-MPa application
would not be strong enough to compensate the log increase and meet
the hygienic criterion. Hence, HHP conditions favoring growth of E.
coli during chilled storage had to be excluded from the operational win-
dow(dashed areas in Fig. 2). The role of high pressurewill be then tode-
crease the initial contamination of E. coli to move from 99.74% to
100.00% the probability of having b5.103 cfu/g. A mild high pressure
treatment of 360 MPa during 5 min (Fig. 2) could enable for example
to achieve these requirements.

3.3. Operational windows for safety criteria

3.3.1. Operational window for Salmonella
The probabilistic model previously developed by Lerasle et al.

(2014) did not include any growthmodule for Salmonella as it was con-
sidered not to grow under chilled temperature and CO2 atmosphere
packaging. By running the model, it was shown that the Salmonella cri-
terion was already met before storage without application of HHP
(P(N200 b 0.04) N 99.999%). Therefore Salmonella criterion constituted
no obstacle to shelf-life extension, whatever formulation applied and
even without HHP (Table 3).

3.3.2. Operational window for L. monocytogenes
In contrast with Salmonella, growth of L. monocytogenes was shown

to occur during refrigerated storage under modified atmosphere
(Lerasle et al., 2014). Therefore, it highly conditions the maximum
chilled storage duration enabling tomeet the L.monocytogenes criterion,
i.e. the probability that its concentration in 200-g portions below
102 cfu/g exceeds 99.999%. By running the probabilistic model associat-
edwith L.monocytogenes, it was shown thatwithout application of HHP,
the L.monocytogenes criterion could bemet for a storage duration below
26 days or 16 days whether lactate is present or not in the formulation
(Table 3). Without lactate addition, to extend the shelf-life to N16 days,
application of HHP would be necessary.

By considering, this time, scenarios in which HHP was applied, the
model estimated that, in absence of lactate, it was possible to extend
the shelf-life to maximum 20 days with for example a HHP treatment
of 10 min at 450 MPa (Fig. 3a). On the contrary no HHP treatment was
required to extend the shelf-life until 26 days since 1.8% lactate was
added in the product formulation (Fig. 3b).
3.4. Operational window for organoleptic criteria

3.4.1. Discrimination test: triangle test
From the triangle test, it was shown that the untrained panel was

unable neither to discriminate samples treated at 300MPa from the un-
treated ones (9 out of 24 correct answers) nor samples treated at
300 MPa from that treated at 500 MPa (12 out of 24 correct answers).
On the other hand, 54% of the responses considered that the 500-MPa
treated samples were different from the controls. From this first ap-
proach, the HHP treatment performed of 500MPawas shown to induce
significant perceptible alterations that even untrained people were able
to detect (P b 0.05). Considering this test, however, itwas not possible to
determine if the alterations perceived by the panel were acceptable or
not. To appreciate more specifically the alterations induced by HHP, a
descriptive sensory analysis was then performed on products treated
at HPi of 300 and 500 MPa.
3.4.2. Descriptive sensory analysis
Fig. 4 describes mean ratings obtained from the panel of 10 asses-

sors. The analysis of variance enabled to show that four descriptors
were significantly affected by HHP (P b 0.05). These are tenderness,
elasticity, juiciness and raw appearance, the latter being the most nega-
tively impacted by high pressure (P b 0.0001), especially at 500MPa. On
the contrary, HHP was shown to induce rather beneficial effects on the
product quality with increased tenderness and juiciness, and decreased
elasticity. Consequently the only negative impact of HHP seemed to be
associated to raw appearance and especially at 500 MPa.



Fig. 3.Operational windows regarding L.monocytogenes criteria for a shelf-life (SL) above 16 days during a chilled storage sequentially at 4 °C for 2/3 SL and 8 °C for 1/3 in absence (a) or in
presence (b) of 1.8% (w/w) lactate. The operational window defines the set of combinations of HP intensity and duration enabling to fulfill the safety L. monocytogenes criteria, i.e. the
probability that the concentration of L. monocytogenes in 200 g portions below 102 cfu/g exceeds 99.999%. It is defined by the area above the lines for a targeted shelf-life (SL) labeled
on the corresponding line. To be more informative the graph 3a was built by collecting data outside the experimental design defined by HHP treatment of max. 15-min duration from
300 to 500 MPa.
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3.4.3. Color measurements
Color is an important component of raw appearance and color alter-

ation was visibly perceptible for products treated at 500MPa. To deter-
mine more accurately the maximal pressure intensity which could be
applied to the product with limiting effects on color and raw appear-
ance, color measurements were performed on products treated during
5 min at 200 MPa, 300 MPa, 400 MPa and not treated products (Table
4). The analysis of variance has shown that the two color components
a* and b* were not significantly influenced by HPi (P N 0.05). On the
other hand, HPi was found to increase significantly the L* parameter as-
sociated to lightening (P b 0.05). The LSD test has shown that samples
treated above 400 MPa had significant lower L* values than the other
ones (P b 0.05). Consequently, because of their lightening detrimental
effect on raw appearance, treatments performed for 5 min at HPi
above 400 MPa were excluded from the organoleptic window (Fig. 5).

3.5. Selection of the high pressure treatment enabling to achieve a targeted
shelf-life

The safety criteria and particularly associatedwith L. monocytogenes,
made it impossible to remove lactate from the current formulation if the
targeted shelf-life exceeded 20 days even with high pressure applica-
tion. A HHP treatment of 350 MPa during 5 min could only extend the
Fig. 4.Mean ratings obtained from the sensorial evaluation performedon control poultrymeat a
taste, elasticity and exudate descriptors because of their negative impact on the meat quality
lowercase letters represent bars associated with significantly different mean ratings (P b 0.05)
shelf-life to 17 days, giving thus a 2-day gain. Therefore, it was consid-
ered that lactate could not be removed if one week extension of the
shelf-life was targeted. After superimposition of organoleptic, safety
and hygienic windows, it appeared that the hygienic and organoleptic
criteria were decisive in the determination of the appropriate HHP
treatment enabling to fulfill all criteria and achieve a shelf-life of
N15 days (Fig. 5). Indeed application of HHP is required to improve
the hygienic quality whatever shelf-life targeted, whereas HHP treat-
ments could not exceed 400 MPa (5 min), not to alter raw appearance.
The resulting operational windowmeeting all criteria (S, H, O) could be
defined by the triangle area included treatments performed at 360 MPa
during 5 min and at 400 MPa from 3 to 5 min (300 MPa excluded). To
validate the approach, a treatment of 370 MPa during 5 min in the
area (S, H, O), was experimentally tested for a oneweek gain of the cur-
rent shelf-life of 15 days, thus bringing it to 22 days.

3.6. Validation of the multi-criteria framework

To validate the framework, the safety, hygienic and organoleptic
criteria were evaluated following application in 6 batches of 370 MPa
for 5 min, then stored during 22 days according to the French protocol
used for shelf-life determination (AFNOR, 2010). E. coli was found
below the detection limit of 1 log cfu/g in pressurized samples whereas
ndmeat pressurized at 300 and 500MPa. A negative signwas assigned to tenderness, after-
. Bars represent standard error associated to ratings given by the 10 assessors. Different
.



Table 4
Color measurements performed on control and treated poultry meat at 200, 300 and 400
MPa, using the L a*b* colorimetric system.

L* a* b*

Control 41.29 ± 3.70a 9.75 ± 0.80c 10.73 ± 0.94d

200 MPa 41.22 ± 2.60a 10.02 ± 0.62c 11.62 ± 1.22d

300 MPa 42.25 ± 2.62a 9.91 ± 1.01c 11.38 ± 1.22d

400 MPa 46.20 ± 3.01b 9.76 ± 1.05c 11.64 ± 1.27d

Values represent mean measurements performed on 5 points and on duplicates on the
surface of themeat. Bars represent the associated standard deviations. Different lowercase
letters represent bars associated with significantly different mean values (P b 0.05).
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its concentration was 1.5 log cfu/g in unpressurized control (Table 5).
Themodel-estimated the contamination level of E. coli in unpressurized
samples to 1.69 log cfu/g which is close to what was experimentally
found. No E. coli could be detected in pressurized samples, with the de-
tection limit of 1 log cfu/g although themodel had predicted that 13% of
the contamination level should be between 1 and 2 log cfu/g and thus
detectable. However the number of batches analyzed, i.e. 6, did not en-
able to detect this fraction of the population of E. coli, pointing out sam-
pling limitations. Anyway, 100.00% of the analyzed pressurized samples
had a contamination level below 5000 cfu/g, which meets the hygienic
criterion.

Salmonellawas not detected in any 25-g samples analyzed, pressur-
ized or not, showing that its prevalence was below 3.3% and its concen-
tration below 0.04 cfu/g. The model-estimated prevalence in 25 g was
0.64% for pressurized and 11.7% for unpressurized samples. However
in both cases, 100.00% of the contamination level was model-estimated
below the experimental limit of 0.04 cfu/g. Again, considering the
batches analyzed, the safety criterion associated with Salmonella was
met.

Regarding L. monocytogenes, it was not detected in 25-g unpressur-
ized samples after 15 days of storage although the prevalence was
model-estimated to 16.8%. Nevertheless, it is in agreement with the
model prediction since 99.99% of the population was estimated to be
below the experimental detection limit of 0.04 cfu/g. On the other
hand, L. monocytogenes was detected after 22 days of storage in two
pressurized batches out of 6 at a concentration below 1 log cfu/g. For
the first batch, it was found in 2 samples out of 5 and in the second
one, in 1 out of 5, resulting in a prevalence of 10% (3 out of 30 samples),
which is higher than that calculated from the probabilistic model (1.1%
Fig. 5. Final operational window defined by superimposition of hygienic, safety and
organoleptic criteria for a shelf-life (SL) equal or above 15 days during a chilled storage
sequentially at 4 °C for 2/3 SL and 8 °C for 1/3 SL in presence of 1.8% (w/w) lactate. The
checkered area inside the rectangle defines the operational window regarding the
organoleptic criteria. The areas above the dashed line define the operational windows
regarding hygienic criteria (SL N 15 days). The star represents the HP treatment to be
tested and validated. S, H, O: Area in which hygienic, safety and organoleptic criteria are
met for SL b 15 days.
with a probability of 98.86% that the contamination level is below
1 log cfu/g). With a similar model-estimated distribution, L.
monocytogeneswas however not detected after 20 days of chilled stor-
age. It shows that sampling plays an important role when prevalence
and contamination levels are expected to be low. Lastly, with a concen-
tration below 1 log cfu/g and a fortiori below 2 log cfu/g, the safety
criteria associated with L. monocytogenes was also fulfilled following
this treatment.

Concerning the additional criterion associatedwith LAB, despite one
week later enumeration, the concentration of LAB was still two-log
lower than the 7.0-log maximum concentration already reached in the
control after 15 days of storage. This complies with the FCD criteria.

Considering the organoleptic criteria, overall, tenderness, juiciness
and elasticity descriptors were found to be altered by HHP as previously
expected (Table 5). In contrast, another descriptor associated to after-
taste was shown to be significantly altered following HHP. In fact, an
acidic after-taste due to high concentration of lactic acid produced by
LAB was perceived in unpressurized samples. Lastly, although the pres-
sure intensitywas below400MPa, the judges still found a difference be-
tween treated and untreated samples regarding raw appearance,
mainly due to color modification (P b 0.05).

4. Discussion

For the microbiological part, quantitative exposure assessment
modelswere developed and/or re-used to determine the contamination
level of selected safety andhygienicmicroorganisms from rawmaterials
to the end of the end-product shelf-life. The exposure assessment of the
safety indicators, i.e. L. monocytogenes and Salmonella, was performed by
running a probabilistic model previously developed (Lerasle et al.,
2014). Among these two pathogens the only one which significantly
conditioned shelf-life extension was L. monocytogenes.

The exposure assessment of E. coli was performed by developing a
probabilistic model with the same modular structure as for the safety
indicators. E. coli inactivation by HHP was modeled with log linear
model with tail. Although Weibull model is widely used for HHP-in-
duced microbial inactivation (Buzrul et al., 2005; Chen and Hoover,
2004), it was shown that the former provided the best fit, as previously
observed by Hereu et al. (2012) for modeling HHP-inactivation of L.
monocytogenes in RTE products. The occurrence of tails has been fre-
quently reported in the literature (Diels et al., 2007) and has been relat-
ed to heterogeneity of the pressure resistance within a microbial
population. In the secondary modeling, the log(Nres) value towards
which the contamination level tends as treatment duration increases,
was shown not to significantly depend upon pressure intensity.
Hence, the size of the ‘resistant’ population seems to be of approximate-
ly 2 log whatever the pressure between 300 and 500 MPa. On the con-
trary, the log-transformation of the inactivation rate kmax was shown
to increase with pressure intensity. Although E. coli is generally recog-
nized as a microorganism sensitive to pressure with a reduction of
4.5-log after application of 400 MPa during 10 min in model meat
(Garriga et al., 2002) or total inactivation of 4 log following application
of 600 MPa for 6 min in cooked ham and marinated beef (Jofré et al.,
2009), some strains are shown to be rather baroresistant like a strain
of the serotype O157:H7 in ground beef which was only inactivated
by 2.45 log cfu/g after a treatment of 400 MPa at 12 °C for 20 min
(Morales et al., 2008). With hardly 3 log inactivated following applica-
tion of 400MPa during 10 min, the cocktail of E. coli strains of the pres-
ent study seemedalso to be rather resistant. However the comparison of
inactivation rates among different HHP studies is difficult because of
variations in strain resistance, food composition, processing conditions
(Diels et al., 2007). Nevertheless, the fact that these strains were har-
vested on the production site of the minced meat makes their selection
relevant. Regarding the inactivation parameters, the comparison with
other models including Weibull is possible since decimal reduction
time, D, and ZHP values can be calculated from kmax (Eq. (1)) and the



Table 5
Microbiological determination and sensorial evaluation for validation of a shelf-life of 22 days for a product containing 1.8% lactate pressurized at 370 MPa during 5 min.

Samples Unpressurized control Pressurized at 370 MPa – 5 min

Storage duration 15 days 15 days 20 days 22 days

Hygienic indicator E. coli Prevalencea 100% b3.3% b3.3% b3.3%
log cfu/gb 1.5 ± 0.3 b1 b1 b1

Safety indicators Salmonella Prevalencea b3.3% b3.3% b3.3% b3.3%
log cfu/gb b−1.4 b−1.4 b−1.4 b−1.4

L. monocytogenes Prevalencea b3.3% b3.3% b3.3% 10%
log cfu/gb b−1.4 b−1.4 b−1.4 b1

FCD criterion Lactic acid bacteria log cfu/gb 7.1 ± 0.4 5.0 ± 0.1 5.7 ± 0.9 6.1 ± 0.5
Organoleptic indicatorsc Odor intensity Mean rating ± sd 5.39 ± 2.27 ND 5.65 ± 1.34 ND

Taste intensity 5.43 ± 2.34 ND 5.83 ± 1.56 ND
Saltiness 5.27 ± 1.96 ND 5.26 ± 1.60 ND
After-taste −5.13 ± 2.70A ND −2.7 ± 2.08B ND
Tenderness 5.52 ± 1.65A ND 6.96 ± 1.92B ND
Elasticity −5.39 ± 1.92 ND −4.74 ± 1.81 ND
Exudate −3.04 ± 2.03 ND −3.26 ± 2.07 ND
Juiciness 4.83 ± 1.64 ND 6.22 ± 1.24 ND
Raw appearance 6.74 ± 1.01B ND 3.48 ± 1.56A ND
Cooked appearance 5.59 ± 1.94 ND 5.78 ± 1.35 ND
Acceptance 4.43 ± 1.50A ND 5.96 ± 1.40B ND

ND: Not Determined.
a 3.3% represents the limit of detection for prevalence.
b Meanmicrobial concentrationwith standard deviation obtained from6 batches, with 5 replicates in each. 1 log cfu/g is the limit of detection for E. coli, Salmonella and L.monocytogenes

concentration, when b1 cfu was enumerated and −1.4 log cfu/g in case of absence in 25 g.
c A negative sign was assigned to tenderness, after-taste, elasticity and exudate descriptors because of their negative impact on the meat quality. Standard errors associated to ratings

given by the 23 assessors are given. Different uppercase letters represent mean ratings associated with significantly different mean ratings (P b 0.01).
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slope a in Eq. (2). ZHP was found to be 170 MPa. However, few E. coli
HHP-inactivation curves have been modeled to enable comparisons.
Noma et al. (2002) have found ZHP of 113 to 129 and 93.8 to 96.6 MPa
for E. coli K12 and IFO 3942 in 0.9% (w/v) sodium chloride solution for
treatments performed at 5 °C to 25 °C. ZHP could also be evaluated to
212 MPa at 10 and 20 °C in freshly extracted carrot juices (Van Opstal
et al., 2005). Finally, the ZHP value that we have found was in the
range of what is generally found in the literature. Then, following inac-
tivation of E. coli induced by HHP treatment, it appeared that regrowth
or recovery did not occur except occasionally after 300-MPa treatments.
Inhibition of the recovery of E. coli during chilled storage in meat prod-
ucts was also shown by Jofré et al. (2009). After immediate lethal effect
of pressurization, the contamination levels of some micro-organisms
such as E. coliwere shown to remain constant, underlying their inability
to recover followingHHP. The authors suggested that the intrinsic prop-
erties of the food might play an important role by enabling bacteria to
grow or by creating additional hurdles incompatible with regrowth.
The purpose of the study was also to consider the role of lactate in
shelf-life extension in order to eventually remove it from the current
formulation.Whether lactatewas added or not at 1.8%, E. coliwas equal-
ly inactivated and no regrowth was observed during chilled storage.
Consequently E. coli criterion was considered not to be a limiting factor
for lactate removal in the current formulation. In contrast, Masana et al.
(2015) observed that lactate added at a higher concentration, i.e. 3%,
could provide some protective action by reducing the number of E. coli
STEC injured cells in fresh carpaccio. Moreover significant inhibitory ef-
fect of lactate on E. coli growth has already been observed in other stud-
ies (Hwang and Juneja, 2011). However the choice of keeping lactate in
the product formulation was made since a shelf-life extension of one
week could not be achieved in absence of lactate because of L.
monocytogenes growth.

From the organoleptic side, the main adverse effect of high pressure
on the organoleptic quality was shown to be the color lighteningwhich
compromised the product acceptance. Indeed color appeared to be one
of the characteristics that affects consumer acceptance among lipid and
protein oxidation (Rubio et al., 2007), modification of water retention
(Korzeniowski et al., 1999) and texture (Chattong and
Apichartsrangkoon, 2009), or development of aroma and taste compo-
nents (Schindler et al., 2010). An increase of the colorimetric L*
component associated to lightening was observed following HHP and
especially for pressures above 400 MPa. Although this is most docu-
mented for red meat, it has also been observed in poultry meat from
300 MPa (Beltran et al., 2004; Del Olmo et al., 2010; Kruk et al., 2011;
Tintchev et al., 2010). This lightening effect has been attributed tomyo-
globin denaturation or oxidation and/or to heme displacement or re-
lease, at or above 400 MPa (Carlez et al., 1995), or to protein
coagulation with a resulting loss of solubility of sarcoplasmic and/or
myofibrillar proteins (Goutefongea et al., 1995).

Considering the validation of the framework, regarding safety as-
pects, Salmonella was found absent in 25 g, i.e. with a contamination
level below 0.04 cfu/g, even in unpressurized analyzed controls.
Concerning L. monocytogenes, it was detected in pressurized samples
after 22 days of storage with a prevalence of 10%, namely, higher than
expected through modeling, but surprisingly not found after 20 days
of storage. Still, the contamination level regarding L. monocytogenes at
the end of the shelf-life was also satisfactory regarding the safety
criteria.

Regarding the hygienic indicator, E. coli was undetected in pressur-
ized samples after 22 days of chilled storage and a fortiori below
5000 cfu/g, which also fulfills the hygienic criterion.

When prevalence and/or contamination levels were very low, limi-
tation of the sampling method made it impossible to really compare
model contamination level outputs with the experimentally enumerat-
ed populations. However this was not the aim of the validation of the
framework. Thepurpose of this validationwas to determine if all criteria
were fulfilled and this was indeed achieved regarding safety and hy-
gienic criteria. From the side of the additional hygienic criterion associ-
ated with LAB, HHP was shown to partially inactivate the LAB
population but regrowth definitely occurred during chilled storage.
Nevertheless their concentration was still below 7 log after 22 days of
storage. The ability of LAB to recover from HHP has already been ob-
served (Patterson et al., 2010). Jofré et al. (2009) even showed that de-
spite the initialmicrobial reduction induced byHHP, LAB could close the
gap during chilled storage and reach the same contamination level as in
unpressurized samples. Fortunately, thiswas not observed in our exper-
iments. Consequently, all microbiological criteria were considered as
satisfying for extending the product shelf-life by oneweek. Considering
organoleptic aspects, high pressurewas also shown to affect some other
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sensorial descriptors but generally in a positive way. For instance, pres-
surized products were found to be less elastic, juicier and tenderer. The
influence of high pressure on texture attributes of meat has already
been observed. Indeed Mor-Mur and Yuste (2003) and Yuste et al.
(1999) found that pressurized sausages became more cohesive and
less firm or hard than heat-treated ones. Moreover from triangle tests,
a preference was given to pressurized products particularly for their
juicier texture (Mor-Mur and Yuste, 2003). In our experiments, the re-
sult regarding product acceptancewas also in favor of pressurized prod-
ucts because the cooking step previous to product display, enabled to
rule out the negative impact of color lightening. Contrary to what was
observed by Rubio et al. (2007) for some pressurized products, no
anomalous odor and taste, has developed during chilled storage which
would have impaired shelf-life extension. Moreover, by delaying
growth of LAB during chilled storage, HHP was shown to be able to re-
duce the acidic after-taste due to accumulation of lactate produced
from LAB metabolism. The only drawback was the color alteration.
Indeed, it has been recognized that the color change constitutes the
major bottleneck in application of HHP to raw products. Several
attempts could be explored to try to overstep it. For instance, improve-
ments of HHP might be brought by lowering the temperature
during treatment, for example at subzero temperature (Fernandez et
al., 2007; Vaudagna et al., 2012), by using opaque vacuum packaging,
or making grill marks on raw products. Considering that there are
means to improve raw appearance and that color alteration is no longer
a concern since the product is consumed cooked, it was then concluded
that the organoleptic criterion was also fulfilled. Consequently, it was
found that the selected HHP treatment could enable the extension of
the shelf-life by one week, hence validating the multi-criteria
framework.

In conclusion, a risk-risk tradeoff associated with probabilistic
models was used to determine the shelf-life of poultry products. The
added value of this study is the establishment of a framework including
criteria from different fields that food processors have to comply with
since they have to determine the shelf-life of new products or
products with a modified processing step. This approach is innovative
because it does not prioritize one aspect rather than another. Each step
associatedwith one criterion should result in a decision, namely an oper-
ational window that restricts the treatment parameters within some
values enabling to fulfill the criterion. The approach developed in this
study represents a valuable decision support tool for shelf-life determi-
nation as it encompasses both safety and quality criteria, and enables
to move to more quantitative, objective and transparent approaches.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijfoodmicro.2016.05.027.
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